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FINAL DESIGN & TEST REPORT
PROPULSION CRYOGENIC TANKAGE FOR EXTENDED MISSION CAPABILITY
OXYGEN THERMAL TEST ARTICLE (OTTA)

1.0 INTRODUCT ION

This report is prepared by Beech Aircraft Corporation, Boulder Division,
Boulder, Colorado, in compliance with NASA Contract NAS9-10348 for a
nominal 225~cubic-foot capacity cryogenic storage tank known as the
Oxygen Thermal Test Article (OTTA).

The cryogenic tank produced under Contract NAS9-10348 is capable of
storing linquid hydrogen, nitrogen, oxygen, methane, or helium for an
extended period of time with minimal losses. At the time of the
original contract, this particular tank was designed to meet the
requirements of the shuttle oxygen system. Since September 1971, when
a cryogenic orbital maneuvering system (OMS) was eliminated from the
baseline design, it has become primarily an advanced thermal technology
test bed.

This final design and test report includes: a full description of the
tank and control module, assembly drawings, and details of major sub-
assemblies, a listing of the specific requirements controlling develop-
ment of the system, thermal concept consideration, thermal analysis
methods, structural analysis, a schedule of the period.of performance,
and a record of the test results.

Performance of the OTTA insulation system was outstanding. The results
exceeded the proposed thermal effectiveness by as much as 2,5 times, Testing,
originally planned for liquid nitrogen only, was expanded to include liquid
hydrogen and liquid helium., Results of the additional testing were equally
satisfying with values of thermal effectiveness better than ihe original
estimates.

The OTTA thermal protection system has proven, through extensive testing,
that the capability to design and produce very effective and sophisticated
insulation systems for cryogenic vessels is indeed practical. Utilizing
Beech computer programs, effectiveness of future cryogen insulation systems
can be predicted and designed to exacting specifications,

W
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2.0 SUMMARY OF THE PROPULSION TANK PROJECT

2.1 Objective

The objective of the program was to design and fabricate a prototype
cryogenic tank for long-term storage of propellants. A secondary objective
was to provide a "test-bed' design that would allow an efficient way to
replace the insulation materials. "The design was to have planned for an
efficient thermal protection systeh that would perform in space in any
orientation or gravitational field, The weight of the thermal system was
to approach a flight-weight installation.

2.2 General Description of the Completed OTTA

The tank developed as a result of this contract is a double walled spheri-
cally shaped vessel that contains a nominal volume of 225 cubic feet in the
inner tank. The cryogenic pressure vessel is supported by a lightweight
suspension system of glass/epoxy filament wound circular rings. The insula-
tion system radiation barrier is multilayer metallized mylar with silk net
spacers. To obtain maximum efficiency two aluminum shields are strategi-
cally placed in the vacuum annulus and cooled by the discharging boil-off
vapor. The pressure vessel and insulation system are suspended inside of

a circular girth ring which is mounted in trunnion bearings on a moble
handling fixture. The polar hemispheres are closed with solid aluminum
shells forming a vacuum tight jacket around the cryogen container. A
complete description of the major subassemblies is included in the mechani-
cal design section of this report (Section 7.0). Arrangement drawings and
major subassembly drawings are included in the appendix.

2.3 Specific Design Approach

To accomplish the objective of the program, that is, long~term storage of
cryogens, it was necessary to give particular attention to the thermal
protection and suspension systems. The desire for a somewhat lightweight
construction dictated the use of low density metal for the pressure vessel
and supporting structure. Pressurized components of the dewar system that
contain the cryogens were designed in a conventional manner and specialized
tooling was fabricated to accommodate the particular size. The thermal
protection system which includes the pressure vessel suspension system
required a unique and detailed investigation. A design specification
required that vapor only would be discharged from the vapor-cooled shield
regardless of the orientation or gravitational field imposed. The OTTA
design accommodates this requirement and allows for the possibility of the
vapor-cooled shield opening inside the pressure vessel being submerged in
fluid as well as open to the vapor space. The well-known value of a
vapor-cooled shield was investigated to determine the potential benefit of
applying the same theory in a new area. 1f the additional refrigeration
available from the cryogen in a liquid form could be utilized to intercept
"minor losses" before they reach the storage vessel, a dual benefit would
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be realized in accommodating liquid, as well as vapor flow, and at the same
time reducing the total heat influx. An IBM 360 Computer Program using a
nodal network was employed to analyze the insulation system with the sub-
sequent determination that most of the heat finally arriving at the pressure
vessel could be absorbed at the proper temperature if an area collection
system was provided, A shield of high conductivity material designed as

a "boiler" was developed for approximately 80% of the pressure vessel surface,
With suitable radiation shielding between the "boiler" and pressure vessel,
the optimum temperature was attained at the boiler. In operation, the boiler
and vapor-cooled shield (VCS) flow systems provide efficient cryogen protec-
tion with oaly minor temperature variations at the discharge point for any
orientation of the vessel axes,

The suspension system for the cryogen container was conceived as a regular
pattern of interacting uniform bands that would completely encompass the
spherical vessel and provide support in all directions. The bands are made
of low conductivity material. The concept of the support system presented
only one real problem to the designer. That is, how to weave the rings into
a symmetrical support system after producing them as individual elements?

The elements were envisioned as circular rings with tangential extensions
providing the primary support contact with the ambient temperature outer
shell. The number of rings would determine the number of penetrations through
the insulation., Since it is desirable in an optimized support system to have
as few penetrations as possible, the desired loading was analytically applied
to the spherical pressure vessel to determine the amount of support required
in each of the three axes and subsequently determine the minimum number of
rings required to react the loading. Three support rings were chosen as the
minimum for satisfactory load reaction. The weaving of the rings was accom-
plished by minor local deviation in the circumference of the outer two rings.

Manufacturing processes were investigated to determine the optimum method
for producing interwoven rings of low conductivity material. Filament
winding of epoxy impregnated glass was selected to produce the best ring
configuration, Filament wound rings provided a uniform material without
the necessity for joints, However, the rings could not be interwoven using
this method for construction. By varying the ring diameters and adjusting
for cross-over dimensions the three rings could be assembled to produce the
interwoven effect. Orientation and relative angularity of the rings was
selected in relation to the variation in loading direction (7 g axial, 3 g
side), Attachment Points (6) were made to fall in a single plane at the
equator to accommodate support for the completed assembly.

2.4 Specification Control

In order to provide the maximum freedom in design and fabrication technology.
control documentation was minimized, The development of the long-term storage
dewar was experimental in nature. However, Beech Aircraft Corporation elected
to impose certain essential material and process specification controls in

ER 15961 ——
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The interest of good practice. Reference documents and specification controls
are listed in Section 6.0 of this report.

2.5 Test Examination

A Marufacturer's Acceptance Test of the finished article was completed during
September and October 1971, Additional testing with liquid nitrogen, liquid
hydrogen, and liquid helium was performed in the period of July 1972 through
March 1973, Section 9,0 of this report includes a summarized report of
testing on the OTTA to date,

OTTA
CRYOGEN TEST RECORD
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Liquid nitrogen testing performed in 1971 was hampered by an internal vecuum
system leak which caused a rather high annulus pressure to exist, Even with
this handicap the OTTA performance was & very impressive 13 Btu/hr instead
of the proposed 21 Btu/hr,

In 1972, after repair of the leak, performance was improved to 0,042 Btu/hr—ft2
for liquid nitrogemn, which to our knowledge represents the best performance
that any dewar of comparable size has ever displayed,

Liquid hydrogen was used to precool OTTA for storage of helium, Fortunately

the liquid hydrogen storage period was extended for 20 days which provided a

practical stabilization period to display an excellent characteristic of only
4.45 Btu/hr,

Liquid helium testing over a period of 165 days allowed thorough examination of
the unit under the most critical circumstances. Themrmil performance was again
excellent at 1,22 Btu/hr., Observation was made of the eftects of no-loss
storage z=ud storage without the use of the vapor cooled shield. Finally the
extended period of storage demonstrated that liquid helium could be success-
fully stored for as long as six months if careful precautions were exercised,

The most important significance of the test program was the development of
the knowledge of how to effectively build a cryogen protection system and
be able to predict the effectiveness for future installations., All of the
original proposal accomplishments were met or exceeded on this program,
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3.0  SCHEDULE OF EVENTS

The schedule of events and significant milestones during production of the
oxygen thermal test article are shown in Figure 1.

The term of the original contract was extended from 12 months to 24 months

due to concept changes, difficulty in obtaining insulation material and a
failure of an experimental, non-metallic, honeycomb outer shell., The original
contract work statement did not require a rigid outer shell since the unit was
to be tested inside of a large vacuum chamber at the NASA test facility in
Houston, A supplemental contract was issued to provide the hard outer shell
when determination was made that significant advantage would be offered to
the program by having a self-contained vacuum. The outer shell as proposed
was to be flight weight fiberglass honeycomb construction. Following failure
of the experimental honeycomb shell during an evacuation test a rigid alumi-
num outer shell was designed and fabricated.

A fiberglass honeycom: scale model outer shell was subsequently designed
constructed and tested to satisfactorily prove the technical feasibility of
producing this type of lightweight shell.

An additional contract to include testing with hydrogen and helium extended
the project schedule by five months.

When the first nitrogen test was performed, a very minute leak was dis-
covered in the vapor-cooled shield system. The leak was not lurge enough
to cause the test to be discontinued, However, when the unit was modified
for helium service a small additioral time was used to repair the vapor-
cooled shield system,

s
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4.0

4.1

4.2

4.3

1.4

Physical Requirements

Contained Volume:

Stored Fluid:

Pressure Vessel Safety Factor:
Outer Envelope Restriction:

Acceleration Loading:
Pressurization Type:

Operational Parameters

Maximum Pressure:
Flow Rate:

Environment:

Performance

Minimum Mission:

Ground Hold:

Heat Leak/Stored Mass:
Insulation Weight/Stored Mass:

Instrumentation

Stored Fluid:

Insulation:

'!.“W—'. ) . - TR o W .,

June 15, 1973

225 fta skimum

LHZ, LOX, INZ, CH4, or LHe

2.0 based on tensile yield

Movement through a 10-foot
diameter door

7 g axial, 3 g side

External to system

150 psia

10 1b/sec LOX minimum @
100 psiao

Nominal 70 F ambient vacuum
~65°F to +140°F -- no
degradation
Extended periods @ 1
atmosphere
100% relative humidity

180 days
50 hours
Minimum
Minimum

Temperature
Pressure
Temperature
Pressure (vacuum)

Commrg <y, A
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5.0 WEIGHT

‘ The system is designed as a prototype in which thermal performance was and
weight was not a prime consideration. The design approach considered
practical application of common fabrication technology and none of the

' elements of the system were specifically weight optimized., A tabular
presentation of prototype weights and .-3stimated flight weight design of
comparable elements is shown below:

Useable Stored Media ¥Weight--Pounds
' Liquid Hydrogen 981
Liquid Oxygen 15, 810
Liquid Nitrogen 11,188
Liquid Methane 5, 863
Liquid Helium 1,732

WeigEt-—Pbunds

Flight
System Elements Prototype Estimate
Handling Fixture 1,415 N/A
Pressure Vessel 1,112 400
Fill and Vent Lines 71 49
Suspension System 318 73
Multilayer Insulation )
. Boiler Shield ) System 131 110
i ; Vapor Cool Shield )
Girth Ring 461 225
f Outer Shell 767 175
‘ Instrumentation
l Pressure 5 2
Temperature 1 1
H Vac-lon 41 17
Fluid Control Mod le 68 4C
Miscellaneous Hardware 27 10
TOTAL 4,417 1,102
] SRR
i '
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! E
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6.0

NASA CR-74545

NAS% CR-912

NAS9-10348

NASA CR-72114 (NAS3-6287)
AFML TDR 64-280

Volume 11

MIL-W-8604

MIL I-6865

DL

BS

BP

BP

RP

8
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13779

15423

15438

15534

15851

15440

15441

15439
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Government Documents

Material Data Handbook Aluminum Alloy 2219
Shell Analysis Manual
Exhibit A, Work Statement

Cryogenic Resins for Glass-Filament Wound
Composites

Cryogenic Materials Data Handbook

Specification for ARC Welding Aluminum

Radiographic Inspection Method

Eeech Aircrait Corporation Documents

Cryogenic Tankage for Extended Mission
Capability

Cleaning Components for Liquid Oxygen and
Hydrogen

02 Thermal Test Article Structural Analysis
Reporc

Design Verification Test Procedure. 02
Thermal Test Article

Liquid Nitrogen Des.gn Verification Test

Provedure, O2 Thermal Test Article

Liquid Hydrogen and Liquid Heliun Des.gn
Verification Test Procedure, 02 Therual
Test Article

OTTA Honeycomb Quter Shell Failure Report
¢ITA Outer Shell Report

New Technology Report of a Filament Wound
Suspenzion System for a Cryogenic¢ Tank

Failure Analysis Vapor-Cooled Shield Adapter
Joint - OTTA
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ER 15405 Cable and Pad Thermal Support System Computer
Program (THERM)

6.3 Other Documents

Unpublished Study, Bifurcation Phenc uena in Spherical Shells Under Con-
centrated and Ring Loads, David Bushnell, Lockheed Palo Alto Research

Laboratory.
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7.0 MECHANICAL DESIGN

7.1 Physical Description (Drawing 460966A)

The cryogen container is spherical in shape and is suspended inside of a
spherical vacuum jacket Ly three (3) glass filament-wound bands, The space
between the vessel and jacket contains a multilayer insulation system enhanced
by a "boiler shield" and vapor-cooled shield (VCS). The complete dewar
assembly is supported at the equatorial "girth ring"” in trunnion bearings
mounted on a mobile handling fixture. Within the fixture, the dewar assembly
may be rotated through 360 degrees to simulate various operational attitudes
which might be encountered in space.

Penetrations to the inner vessel and evacuated annular space all pass through
the girth ring structure. The penetrations consist of a liquid line, a vapor
vent line, a vapor-cooled shield vent line, ion-type vacuum pump pori, evacua-
tion port, vacuum relief port, gage port, and two electrical instrumentation
feed-throughs. Liquid, vapor vent, and vapor-cooled shield lines penetrate
the inner vessel at the same '"pole" location. An extension to the vapor vent
and vapor-cooled shield lines extends across the inside diamefer of the tank
from the penetration location “o the opposite "pole” of the vessel.

A space envelope of 132.0 inches in diameter by 126.0 inches long completely
encloses the dewar assembly, handling fixture, and attached instruments.
Flexible external cryogen lines (not furnished per contract) connect through
"AN" standard fittings to a separate control module (drawing 660995). The
control module is not attached to the dewar or support structure since it is
planned to be a semi-remote operation unit. The control module structure is
made of aluminum angle enclosed with aluminum sheets to form a box with
envelope dimensions of 13 x 17 x 25 inches. Valves controlling the liquid
and vapor phase flow and a separate pressure gage for each system are moun‘ed
on one aluminum panel marked to indicate the flow paths. Connecting tubes
and fittings within the control module are stainless steel,

Aluminum alloys were used wherever possible in the construction of the dewar
elements. For heat transfer reduction in the fill and vent tubing, _Lhe
section passing through the evacuated space is made of stainless steel and
joined ro the aluminum end pieces through aluminum/stainless steel bimetal
tubing sections. Instruments, valves, vacuum ion pump and vacuum ion gage
are commercially available equipment.

A complete organization of drawings is shown in Table 2 which is arranged
in the manner in which the drawings apply in the fabrication process. The
following drawings are included in this report (Appendix) for overall
description and replaceable parts identification:

460966A General Arrangement

460992 Fluid Flow Schematic

660995 Module - Control, External
11
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460947 Gage Assembly - Ion
660969 Support Installation
660943 Temperature Sensor Installation

7.2 Thermal Design and Concepts

The primary thermal design goal in the development of this cryogenic tank

was storage of two-phase cryogenic fluid for extended periods of time (180
days or longer) The secondary goal was to obtain this minimum boil-off rate
with a minimum insulation system weight.

The performance characteristics were designed using an unusual tension band
support system. Multilayer insulation consisting of silver-coated 1/4 MIL
mylar with silk net spacers, and a vapor cooling system which takes advantage
of the refrigeration available in the boil-~off gas. The thermal protection
system consists of:

(1) Pressure Vessel (PV) Support System

(2) Support Pads

(3) Outer Shell (O0S)

4) Multilayer Insulation (MLI) between Outer Shell and Vapor-Cooled Shield
(5) Vapor-Cooled Shield (VCS)

(6) Multilayer Insulation between Vapor-Cooled Shield and Beiler Shield

) Boiler Shield (BS)

(8) Multilayer Insulation betwee Boiler Shield and Pressure Vessel

(9) Vapor Cooling os Support Banu near the Girth Ring

The OTTA is capable of storing oxygen, nitrogen, hydrogen, methane, and helium.

7.2.1 Support System

The tension band support system minimizes the heat leak into the pressure
vessel in several ways. The primary advantage of this support system is

that the bands are made of filament-wound glass which provides an extremely
high ratio of strength-to-thermal conductivity. The allowable design stress of
thege bands is 77,600 psi and the mean thermal conductivity is 0.15 Btu/ft-
hr-"R. The thermal conductivity of the bands has a temperature dependence
which resembles that of a typical linear radiation conductance. Consequently
there is a tendency for the temperatures of the passive radiation shields to
match the temperatures of the support bands, thus providing a possible reduc-
t ion in edge effects at the penetrations.

7.2.2 Sugggrt Pads

One-inch-thick pressed fiberglass pads were placed between the support bands
and the pressure vessel at the locations where contact is first made. These
pads provide a reduction in the heat leak through the support system in two
ways., First, the thermal conductivity of the pads is extremely low (0.003
Btu/ft-hroR) Secondly, the pads elevate the support bands above the pressure
vessel and allow a greater band length from the girth ring to the pressure
vessel. :

12
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7.2.3 Outer Shell
The hard outer shell (portable vacuum jacket) makes it possible to maintain
the entire insulation system in a 1076 torr vacuum. Heat transfer by con-

vection and gaseous conduction are essentially eliminated,

7.2.4 Multilayer Insulation (MLI)

The passive radiation shields consist of 1/4 mil mylar sheets coated with
silver on both sizes. Adjacent shields are separated by two sheets of
0.003-inch thick silk net. Company-funded testing and data available in
the literature indicate that of those MLI materials which are available,
this combination provides the best insulation per pound. Company-funded
testing also showed two layers of silk net to be a more beneficial spacer
than one or three layers. There are three radiation barriers between the
pressure vessel and the boiler shield, 15 between the boiler shield and
the vapor-cooled shield, and 28 between the vapor-cooled shield and the
outer shell.

Each radiation shield is sandwiched and sewn between two sheets of silk
net, and the shields themselves do not contact the penetrations. There
is limited contact between the net and the penetrations. The dominant
mode of heat exchange between the radiation shields and the penetrations
is consequently radiation. Edge effects at the penetrations are reduced
by wrappings around the penetrations which consist of three layers of
silver-coated mylar separated with silk net.

It is extremely difficult to fabricate and lay up the radiation barriers
so that no gaps exist at the penetrations. The method used to minimize
the effect of the "gaps' is to add a "patch" of approximately one-foot
square silver-coated mylar fitted snugly around the penetration. These
"patches' are placed at every fifth layer of insulation.

7.2.5 Vapor Cooling

In order to maintain constant storage pressure, fluid must be expelled
from the pressure vessel to accommodate the heat leak. During zero-g
operation, this "boiloff" fluid may be vapor or liquid, or most likely a
combination of both. The fluid which is expelled from the pressure vessel
due to the heat leak passes through approximately 350 feet of tubing
before it exits the tank. This tubing is first routed over the boiler
shield, then over the vapor-cooled shield, and then fastened to an
aluminum shorting strap at each point of attachment of the support straps
to the girth ring. The tubing is attached to the boiler shield and
vapor-cooled shield by clips which are 6 inches apart. The vapor-cooled
shield covers the entire surface area of the tank while the boiler shield :
covers 82% of the surface area.

As the fluid flows out through the vapor-cooling tube, it absorbs heat
which is entering the tank by both radiation and conduction. The vapor
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will exit the tank at some temperature between -10°F and +700F. The exit
temperature depends on the storage pressure, the fluid being stored, and
whether vapor or liquid is being expelled from the pressure vessel, Vapor
cooling provides a heat leak reduction of about 30% for oxyzen, nitrogen,
and methane and about 80% for hydrogen and helium.

7.2.6 Boiler Shield (BS)

The primary function of the boiler shield is to condition the "boil~-off"
fluid; i.e. to vaporize any liquid which is expelled from the pressure
vessel. During vapor expulsion operation, the boiler shield acts as a
second vapor-cooled shield and provides additional reduction in heat leak.

In order to optimize the performance of the boiler shield during both
vapor and liquid expulsion,

(1) all heat leaks were channeled into the boiler shield instead of
the pressure vessel, and

(2) the boiler shield was insulated from the pressure vessel.

This first requirement is necessary so that during liquid expulsion from
the pressure vessel, the boiler shield will intercept enough of the heat
leak to vaporize the expelled liquid. All plumbing and support bands are
thermally shorted to the boiler shield at locations near the pressure
vessel., The second condition is desirable so that during vapor expulsion
operation, the boiler shield will perform more effectively as a second
vapor-~cooled shield. In order to insulate the boiler shield from the
pressure vessel, radiation barriers were placed between the pressure
vessel and boiler shield, and the boiler shield supports were designed
to offer maximum resistance to heat conduction from the boiler shield
into the pressure vessel,

It is not necessary that the boiler shield cover 100% of the tank surface

in order to function adequately as a "boil-off" fluid conditioner. Analytic
predictions indicate that for pure liquid expulsion with 82% boiler shield
area coverage, a small amount of liquid will escape the boiler shield and
enter the vapor-cooled shield during storage of oxygen, nitrogen, and methane,
Any liquid entering the vapor-cooled shield will be quickly vaporized.

Optimum operation during an extended mission is obtained by allowing par:
of the heat leak to be absorbed by the stored liquid. This will cause the
storage temperature and pressure to rise. The optimum procedure would be
to start with a nominal fill pressure of 15 psi, and to allow the stored
liquid to absorb enough heat so that the storage pressure rises to the
allowable maximum by the end of the storage period.
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7.2.7 Thermal Analysis and Results

The thermal analysis required during the development of this cryogenic tank
and the predictions of the thermal performance were performed with the Beech
Aircraft Thermal Analyzer Program (TAP). Studies to maximize the delivered
fluid weight by allowing the heat leak to produce a pressure rise were per-
formed with computer programs PROXY, PRHYD, and PRNIT. All of these computer
programs operate on the Beech Aircraft IBM 370 Computer.

TAP utilizes a "lumped parameter" finite-difference method to perform transient
or steady-state solutions for a wide variety of thermal problems involving con-
duction, radiation, convection and/or fluid flow. The "lumped parameter"
method consists of representing a physical problem by a network of point masses
(nodes) which are connected by conduction, radiation, and/or convection heat
transfer paths. TAP utilizes a 'block relaxation technique to perform steady-
state solutions and uses temperature fluctuation to determine convergence.

The energy balance of the entire system was also examined to eusure the valid-
ity of each solution. The capability and applicability of the program are
enhanced by flexible input techniques and by many ''special functions' which
can be used to construct thermal models. Thermal models may contain as many

as 1000 nodes, 2000 paths, 500 "special functions' and 4000 tabular entries

for specifying curve fits,

Programs PROXY, PRHYD, and PRNIT use a simplified thermal model to compute
heat leaks and time histories of cryogenic tank storage conditions. These
programs apply to subcritical and supercritical storage of oxygen, hydrogen,
and nitrogen, respectively. Tue thermodynamic properties of the stored fluids
and the thermodynamic [rictions needed to determine expulsion rates and
pressure rise rates are compuied internally.

.20 Support Bands

Computer program TAP was used to compute the temperature profiles along the

support bands, from the girth ring to the pressure vessel, which would exist
if the bands were thermally isolated from the rest of the system. The fol-

lowing values of thermal conductivity were used for the filament-wound glass
bands.

T (OR) 20 210 310 360 410 460 510 560 610
k (Btu/ft—hr-oR) 0.06 0.09 0.12 0.14 0.17 0.22 0.29 0.40 0.54

This temperature profile was used to determine optimum locations for the
shorting straps which connect the support bands to the boiler shield and to
evaluate the effect of the vapor-cooled shield support members which are
attached to the support bands.

Nt R s it S e e o, e

In considering the optimum design, a variable attachment point was found to :
be needed for the shorting straps that reach from the boiler shield to the
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suspension bands, In the case of liquid expulsion from the pressure vessel
it was found that the boiler shield would be at liquid temperature requiring
the shorting straps to be positioned as close as possible to the insulation
pads. In the case of vapor expulsion the boiler shield temperature was
found to be warmer than the insulation pad which would require the shorting
straps to be located some distance away from the insulation pads to preclude
heat flow from the boiler shield to the pads. Based on the temperature dif-
ference determined from computer analysis the shorting straps were located
three inches from the insulating pads.

The undisturbed band temperature at the location of the vapor-cooled shield
supports is generally 50 to 100°F lower than the predicted vapor-cooled
shield temperatures. The undesirable effect of this condition is that heat
will flow from the vapor-cooled shield into the bands. This effect is
minimized by using low conductance nylon support pieces with the smallest
area-to-length ratio consistent with structural integrity.

7.2.7.2 Boiler and Vapor-Cooled Shield

A typical triangular segment of the boiler shield was analyzed in detail in
order to determine how the entire boiler shield and vapor-cooled shield could
be represented with reasonable accuracy and simplicity in a thermal model of
the complete insulation system. A thermal model for the resulting right
spherical triangle, with a base of three feet and a height of seven feet and
with the vapor-cooling tube attached along the centerline, was constructed
using 400 nodes. Each node receives a radiative heat flux on one side,
radiates to a cold sink on the other side, and exchanges heat by conduction
with surrounding nodes.

In order to facilitate this analysis, it was assumed that the tube is in
perfect contact with the sheet and that there is no difference in temperature
between the tube and the vapor. The justification of these assumptions will
be explained.

The vapor-cooling tube is made of 0.187 inch OD x 0.028 inch wall aluminum
and is attached to the boiler shield and the vapor-cooled shield with clips
which are six inches apart. If there is contact between the tube and shields
only at the clips, the approximate amount of heat which must be conducted
from the shield into the tube at a typical clip location is 0.05 Btu/hr. The
temperature difference required to conduct half this heat through a three-inch
length of the vapor-cooling tube is 0.5°R. The estimate of this temperature
difference is very conservative since (1) the heat must only he distributed
along the three-inch section of tube and not conducted all the way through
it, and (2) there will generally be some contact between the tube and shield
between the clips. The resistances to heat flow between the shield and the
vapor-cooling tube are considered small enough to be neglected in the

thermal model without affecting the predicted thermal performance of the
shields.
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For the predicted vapor-cooling flow rates of 0.2 lbm/hr for oxygen and
0.03 1lbm/hr for hydrogen, estimated film coefficients fgr trgnsfer of heat

from the tube wall to the vapor are 2.0 and 10.0 Btu/ft"-hr- "R, respectively,

The temperature differences required to pass 0.05 Btu/hr from the wall of a
O-inch length of vapor-cooling tube into the vapor are 1.5°R for oxygen and
0.3°R for hydrogen. Neglecting this small temperature difference will have
little effect on the overall accuracy of the thermal model.

Computer runs were made with the thermal model of the boiler shield segment
for a variety of incident heat fluxes, cold sink temperatures and tube
temperatures. Both constant and linearly varying tube temperatures were
considered. It would have been a simple matter to connect the tube nodes
together with fluid flow paths and thus allow the tube temperatures to be
computed as part of the solution. For »ne purposes of this investigation,
it was considered more informative to fix the tube temperatures.

For the expected range of heat fluxes incident upon the boiler shield and
vapor-cooled shield the temperatures at the edge of the triangular segment
were within 1°R of the tube temperatures. In the cases where the tube tem-
perature was varied from one end to the other, the variation in shield
temperature was varied from one end to the other, theovariation in tempera-
ture in the direction normal to the tube was within 2 R for any given row
of nodes. It was concluded that for construction of a thermal model for
the entire insulation system, the boiler shield and vapor-cooled shield
could be represented with reasonably few nodes. Each of these nodes would
represent an isothermal section of shield and attached tube with fluid
flowing through it, which are all at one temperature. Heat will flow into
and out of each of these nodes due to radiation, conduction, and fluid flow.
Conduction paths which represent the boiler shield and vapor-cooled shield
supports and the shorting straps to the support bands and plumbing will be
connected to some of these nodes.

The specific heat of the cooling vapor is considered to be constant, and

its value is determined from the temperature and enthalpy changes of the
vapor between the pressure vessel and tank exit. The assumption of constant
specific heat has very little effect on the predicted heat leaks, except

in the cases of hydrogen at high storage pressures. One solution using
temperature-dependent specific heat was performed for hydrogen with a
storage pressure of 10 atmospheres. The computed heat leak was 3% smaller
than that computed with constant specific heat. Thus, the indication is
that the actual tank will perform better than anticipated (which it did).

Future improvement in the computer program should include this consideration.

7.2.7.3 Multilayer Insulation (MLI)

The insulation effectiveness of the MLI blankets is represented in the
thermal model with a total emittance (€ _,,). The value of € depends

on surface emittances, number of layers fg the blanket, penetraf{on gaps,
eff

edge effects, and boundary temperatures. Evaluation of € is the largest
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source of inaccuracy in this analysis, Values of G; £f must be based upon
data available in the literature, upon experimental investigations with the
3eech Insulation Comparator, and upon estimates of layup degradation which
are obtained from available data and Beech experience,.

The values of (: £5 which were used for this analysis were 0.01, 0.0016,
and 0.0016 for tﬁe 3-, 15-, and 28-layer blankets, respectively. Some
problems were run for a range of 6: in order to assess the amount of
error which would result from inaccurate evaluations of G:eff'

7.2,7.4 Thermal Model for Entire System

The thermal model and nodal network used to predict the tank performance
during constant pressure operation are shown in Figure 2, The nodal energy
balance which is performed by computer program TAP is shown in Figure 3 for
a typical vapor-cooled shield node.

The vapor-cooled shield is represented with 32 identical nodes, and the boiler
shield is represented with 16 identical nodes (i.e. one node for each half of
the 8-triangular segments which comprise the boiler shield. While the repre-
sentation of the vapor-cooled shield with 32-series connected nodes is not
rigorous, it is adequate and consistent in this analysis. The specific heat
of the vapor is considered a constant which is determined by the difference

in temperature and enthalpy between the pressure vessel and tank exit,

Each vapor-cooled shield node exchanges radiation with the outer shell and with
the boiler shield node beneath it. Each boiler shield node exchanges radiation
with the pressure vessel and with the two vapor-cooled shield nodes above it.
Since the boiler shield area coverage is less than 100%, the vapor-cooled shield
nodes also exchange radiation with the pressure vessel. Notice that the inlet
to the vapor-cooled shield is directly over the exit of the boiler shield and
vice versa., The vapor-cooling tube is routed in this manner in an effort to
eliminate "hot spots" on the tank.

Adjacent vapor-cooled shield nodes are connected with a path which represents
conduction through the sheet metal and a path which represents absorption of
heat by the vapor as it flows from one node to the next. Adjacent boiler
shield nodes are also connected by paths representing vapor flow, but only
pairs of nodes, each pair representing one of the triangular segments of the
boiler shield, are connected with conduction paths,

Since pairs of support bands are shorted to the boiler shield at a location
represented with a single boiler shield node, each pair appears in the
thermal model as one band., Each band in the thermal model contains seven
temperature~-dependent conduction paths,

Notice that the support bands are thermally shorted to the boiler shield at

the three-triangular segments nearest the inlet to the boiler shield (excluding
the polar segment). This was done so that the temperature of the boiler shield
at the locations of the shorting straps would be as low as possible. The fi1l
a:d :e:t lines also are thermally shorted to the triangular segment nearest

the inlet,

18
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Each boiler shield node is connected to the pressure vessel by conduction paths
which represent the boiler shield supports. Twelve vapor-cooled shield nodes
are connected to the support bands by conduction paths which represent the
vapor-cooled shield support struts.

The quantity of fluid expelled from the pressure vessel (m) for a given heat
leak (q) is given by m = q/0_, for vapor expulsion and m = q/eL for liquid
expulsion, The values of O and O, are given by 6_ = (L -2 )

and 8, = 0 H _, where H  is the heat of vaporization, 79v is ¥he saturated
vapor density, axnd 761 is the saturated liquid density.

7.2,7.5 Constant Pressure Performance Predictions

Heat leaks and boil-off rates for storage of oxygen, nitrogen, hydrogen, and
methane with both vapor and liquid expulsion from the pressure vessel were
computed for storage pressures from 1 to 10 atmospheres, All computations
werc made with an external temperature of 530 R.

Figure 4 contains curves of calculated constant pressure mass expulsion rate
versus storage pressure for oxygen, nitrogen, hydrogen, and methane with both
vapor and liquid expulsion.

Figure 5 contains curves of calculated mass expulsion rate divided by full
tank fluid mass versus storage pressure for oxygen, nitrogen, hydrogen, and
methane with both vapor and liquid expulsion,

Figure 6 contains curves of calculated heat leak to the pressure vessel
versus storage pressure for oxygen, nitrogen, hydrogen, and methane with
vapor expulsion from the pressure vessel,

Figures 7, 8, 9, and 10 contain curves of calculated mass expulsion rate
versus storage pressure for oxygen, nitrogen, hydrogen, and methane, respec-
tively, with no vapor cooling, with a vapor-cooled shield only, with 82%
boiler shield area coverage, and with 100% boiler shield area coverage.

Figure 11 contains calculated curves of temperature of cooling vapor just
before it exits the tank versus storage pressure for oxygen, nitrogen,
hydrogen, and methane with both vapor and liquid expulsion.

Figure 12 shows total calculated heat leak to the pressure vessel versus
effective emittances for the three multilayer blankets., These curves are

for oxygen and hydrogen at a storage pressure of one atmosphere,

7.2.7.6 Mission Performance Optimization

A study was conducted to maximize the fluid mass after 180 days of storage
by allowing part of the heat leak to produce a rise in storage pressures.
Computer programs PROXY, PRNIT, and PRHYL were used to investigate the .
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Figure 4

CONSTANT PRESSURE EXPULSTION RATE VERSUS STORAGE PRESSURE
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EXPULSION RATE DIVIDED BY FULL TANK FLUID MASS
VERSUS STORAGE PRESSURE
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Figure 6

HEAT FLUX AND TOTAL HEAT LEAK VERSUS STORAGE PRESSURE
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Figure 7
EXPULSION RATE VERSUS STORAGE PRESSURE FOR ONYGEN
WITH FOUR DIFFERENT V\IPOR-COOLING CONFIGURATIONS
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Figure 8
EXPULSION RATE VERSUS STORAGE PRESSURE FOR NITROGEN
WITH FOUR DIFFERENT VAPOR-COOLING CONF IGURATIONS
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Figure 9

EXPULSION RATE VERSUS STORAGE PRESSURE FOR HYI™OGEN

WITH FOUR DIFFERENT VAPOR-COOLING CONFIGURATIONS
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Figure 10
EXPULSION RATE VERSUs STORAGE PRESSURFE FOR METHANE

WITH FOUR DIFFERENT VAPOR-COOLING CONFIGURATIONS
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Figure 11
TEMPERATURE OF VAPOR AT EXIT OF VAPOR-CUOLING SYSTEM
VERSUS STORAGE PRESSURE
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Figure 12
HEAT LEAK VERSUS EFFECTIVE EMITTANCES O} THE THREE
MIL BLANKETS AT 1 ATMOSPHERE STORAGE PRESSURE
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behavior of oxygen, nitrogen, and hydrogen for a variety of fixed expulsion
rates which are less than the predicted constant pressure expulsion rates.
Expulsion rates ere considered to be constant during the mission. While
the use of a variable expulsion rate during the mission may provide a very
slight improvement in fluid retention, this consideration is beyond the
scope of the present work.

These computer programs are restricted to analyzing cryogenic tank con-
figurations with a vapor-cooled shield only. As a result, only vapcr
expulsion is considered in this work, The absence of the boiler shield
has a small effect on the heat leak for o«ygen and nitrogen and a larger
effect for hydrogen because of its high specific heat. Consequently, the
effective emittances of the multilayer insulation blankets were adjusted
for this program so that the heat leaks computed with computer programs
PROXY, PRNIT, and PRHYL would be consistent with those computed with TAP.

If the fluid expulsion is restricted so that the expulsion rate does not
correspond to the heat leak to the pressure vessel, then the pressure,
temperature and specific volume of the stored liquid will increase. 1If the
initial ullage or the expulsion rate is too small, the contents will
eventually become single phase and the pressure will begin to increase
rapidly. For each expulsion rate, there is a minimum initial ullage which
is required to prevent the fluid from becoming single phase, and any greater
initial ullage will result in less fluid mass at the end of the storage
period. The objective, then, is to determine the combination of expulsion
rate and initial ullage which will provide the largest fluid mass after 180
days of storage.

Figure 13 contains calculated curves of required initial ullage and Iluid
mass remaining after 180 days versus expulsion rate for oxygen, nitrogen,
and hydrogen.

As might be expected, the optimum expulsion rate is that which the decrease
in liquid volume due to expulsion is exactly offset by the increase in
liquid volume due to increasing specific volume. In other words, the opti-
mum operation consists of starting with the minimum allowable ullage and
controlling the expulsion rate so that the ullage is maintained at that
level throughout the mission.

Figure 14 contains calculated curves of storage pressure versus time for
oxygen, nitrogen, and hydrogen at the optimum expulsion rates. Notice the
difference in the storage pressures of the three fluids at the end of 180
days storage.

The reduction in fluid loss provided by the use of pressure rise 18 approxi-

mately 545, 467, and 36 pounds for oxygen, nitrogen, and hydrogen, respec-
tively. The advantage to be gained through pressure rise is dependent upon

the maximum allowable pressure, the length of the mission, the heat leak rate,
and of course, the fluid. The design mission requirements for this tank, i.e.
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Figure 13
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long storage period, high operating pri:ssure (150 psi) and low heat lezk to
stored mase ratio, are all conducive to improvement of fluid retention
through utilization of pressure rise.

7.3 Structural Design and Analysis

The analysis work in this category performed for the prototype spherical cryogen
contairer is detailed in Beech Report ER 15423. Since the purpose of the proto-~
Lype was primarily a thermal test article, the design of the unique band sus-
pension system and the pressure vessel has not been optimized from a material
and weight standpoint. However, sufficient analysis has been performed to per-
mit future optimization in the next design iteration.

7.3.1 Pressure Vessel

2219 aluminum was selected for the prototype pressure vessel because of its
compatibility with the five possible cryogens, its excellent weldability,
good mechanical properties, and the substantial amount of experience that
the aerospace industry has gained in the use of this alloy.

The aluminum hemispheres were spin-formed in the O-condition at the Beech-
Wichita facility. A thermal treatment was then given *to bring the material
to the T42 condition. The preliminary design allowables used in the analysis

were as follows:
(a) Parent Material - 2219-T42

F

tu 50, 000

F 25, 000
ty

(b) Weld Material (as welded)

Ftu = 27,000 Assuming mismatch factor
cf 0.90 (15% mismatch)
= 16,000 and porosity factor of
ty 0.85

After fabrication of the hemispheres, test coupons gave the following
properties:

(c) Parent Material - 2219-T42

tu 50,000
3/8-inch t

24,000

Fty
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(d) Weld Material
34,000

tu 1/16-inch offset
18, 000

i}

1

Fty

No unusual design or stress conditions were imposed on the pressure vessel
other than those due to the external pressure of the support bands.

Stress levels introduced into the pressure vessel were computed by use of

H coefficients determined from a computer study conducted by Beech Aircraft
Corporation. The maximum stress in the 0.36~inch thick vessel material under
the pads was 15,200 psi which includes the direct bending stress due to
concentrated loads and internal pressure,.

Stress levels were also computed in the pressure vessel where the bands con-
tact the shell through 7-inch-wide aluminum shoes. A maximum stress of
12,200 psi was found which is slightly less than the stress computed under
the pads.

7.3.2 Suspension Syster

The suspension system is a departure from convention and consists of three
circular rings of filament-wound fiberglass interwoven in assembly to pro-
duce a multidirection support for a spherical shape, as shown in Figure 15.
Each circular section is provided with two diametrically opposed tangential
extensions to form the external load supporting attachments. The vessel
support rings and extensions are wound as an integral one-piece element.
Bands are separated from the pressure vessel surface by fiberglass pads and
aluminum shoes. The purpose of the pads is to add thermal resistance in
series with bands. The shoes distribute the line loading of the bands on
the surface of the pressure vessel.

The three interlaced fiberglass bands effectively form a basket (''woven'')
around the pressure vessel. In supporting the vessel, inertial forces are
distributed to the system of bands proportionally with respect to the angle
of load application. Individual bands are not required to carry the full
loading at any time. The structural support extensions extend from the
encircling fiberglass band in a tangential direction which provides a maximum
length heat path and an efficient tension loading direction. Since the
function of the complete assembly is to store cryogenic fluid with a minimum
loss, the three-ring design suitably matches the needs by providing low heat
transfer and high efficiency in structural loading reaction.

Support extensions are designed to attach to a single equator ring. The
contact angle of the bands with the equator ring is established on the basis
! of the directional loading expected as established by specification and end
use of the assembly. The relationship of the vertical and side loads deter-
mines the angle required to uniformly support the vessel. Attachment of the

A -
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support bands to the girth ring is accomplished by a simple holted connection
with the bolts passing through a reinforced section of the band extension
into the girth ring. The attachment land on the girth ring is machined at
the proper orientation to provide a smooth flat surface mounting for the

band extension. Loading of the band is considered to be effectively in
straight tension even though minor moments are actually reacted by the band
stiffness,

The circular portion of the support bands is wound to a diameter that is
slightly greater than the diameter of the vessel to be retained. This allows
for adjustment to manufacturing variations at the time of assembly. Load
distributing "shoes' are installed between the vessel and bands. Twelve (12)
support pads are symmetrically located about the axes and the "shoes" are
uniformly spaced between the pads. Flat aluminum shims are used at the sup-
port pad and "shoe” locations to develop the necessary preload in the bands.

Each of the three continuous circular bands is inclined 30o from the vertical
axis of the pressure vessel. The rings are oriented 60° from each other at
the attachment location to a circular girth ring. The girth ring lies in a
horizontal plane at the equator of the vessel,

The method of analysis used for investigation of this suspension system
assumes no bending stiffness in the bands. Starting with the blueprint
geometry, the load factors were applied to the vessel geometric cencer.
Simple equations of statics were used to compute the band loads and support
pad forces. Deflections at nodal points were calculated which revised the
action line of forces resulting in small adjustments in force magnitude.
Calculations assumed that no shearing forces pass through the band/pad/shell
interfaces. The addition of friction forces at the interfaces had the effect
of reducing band loads. Internal loads resulting from axial external loading
of 7g x 17,300/3 cos 30° = 46,600 1b for n, = 7, and side loading of

3g x 17,300/1.5 = 34,600 1b for n, = 3, where the 1.5 factor accounts

for the restraint provided by out-of-plane bands,

Preload in the bands wais designed to develop 12,000 psi. Maximum loading

of 77,600 psi occurred in the bands with a loading combination of 3.5g axial
(n,) and 3.0g side (n,,;. In this condition the maximum pad load was 17,380
pounds resulting in a uniform pad loading of 615 psi. This is based on zero
friction force at the pad interface. To verify the capability of the pad
material to resist shearing forces resulting from friction, a component test
was performed on a representative pad by imposing an 18,000-pound axial

load in combination with an 1,800-pound shear load. There was no evidence
of failure of any kind. The addition of a friction force has the effect of
reducing the band loads as shown in Table 1.

The stress levels introduced iuto the pressure vessel were computed by use
of coefficients determined from a computer study conducted.,by Beech Aircraft
Corporation. The resulting member loads are tabulated in Table 4 included in

Appendix A.
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Table 1
LOAD LIMIT
M1 V1 T1 M2 V2 T2
Type In-1lbs 1bs Kips In-1bs lbs Kips S. F.
One Time 745 53 69,5 | - 935 67 44.5 1.5
900 Cycle 765 54 57.0 860 61 44,5 | Not Specified
L

The maximum stress level in the 0.36 thick parent material under the pads is
15,200 psi which includes the direct and bending stresses due to concentrated
load and the stress due to internal pressure,

25,000
s =2, - i
M.S. = 15,200 1 + 0.64 on yield

Deflections in the pressure vessel were compared with deflections in the
10-inch diameter plate and found to be compatible, thus verifying the
assumption of uniform pressure.

Stress levels were also checked in the pressure vessel in the areas where the
bands contact the shell by means of 7-inch-wide aluminum shoes. Maximum stress
levels computed werc 12,200 psi, slightly less than those computed under the
10-inch diameter plates.

The plates and shoes were checked for uniform loading. Results indicated
stress levels approximately equal to 28,500 psi, The margin of safety for
the 6061~-T6 material is:

35,000
28,500

The stability of the pressure vessel, under a concentrated load, was checked
by referring to a study by Bushnell (Reference 6.3).

M.S, - 1 « + 0,37 on yield

The <upport ring assemblies are designed to meet the following requirements:
(1) Support a spherical pressure vessel with 225 ££3 capacity.
(2) Attachment reactions per Table I and Figure 16,

(3) Vessel to contain 10,, LH,, LN,, or nethane,
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(1) Provide a low thermal conductivity,
(5) Operating requirements:
-7
Vacuum Pressure - 1 x 10 mmHg

Temperature - 65°F to +140°F

Figure 16. BAND FORCES

T - Tension
Band Attachment Extension

V - Shear

M - Moment

(6) Minimum weight compatible with #2 and #4 above,

(7) Acceleration load factors shall be those used for the design of the
cryogenic storage subsystem on the Apollo Program,

Nx = +7, -3 where the positive sense is aft directed, (see note),
f
Ny - Nz = *3g. A combined load factor of n = +3.5g and
= = *3g.
b Ny Nz 3g

f NOTE: Positive sense is downward in normal position as shown in
Drawing 460966A.
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(8) The system shall be designed to withstand normal shipping with no
damage,

(9) The design weight used in the analysis was 17,300 pounds., This was
derived from

225 ft3 x 71.14 1b/ft3

16,000 pounds LO2

Pressure Vessel & Hardware 1,300 pounds

17,300 pounds
Fiberglass material was selected for the band construction because of its
high strength and relatively low coefficient of thermal conductivity. The
mechanical properties used for design are shown below.
Materials

Glass: S/HTS glass filament to weapons specifications WS 1126,

Resin: Eroxy formulated for cryogenic service (Resin No, 2,
NASA Contract NAS 3-6287).

Composite Construction and Density

Filament Orientation: Unidirectional circumferential
continuous filament windings,

Filament Fraction in Composite: 70% Volume, 82% Weight.
Resin Fraction in Composite: 30% Volume, 18% Weight,
Composite Density: 0.075 1b/in° (75°F).

Mechanical Properties

Ultimate Tensile Strength Allowable

Composite (based on total cross-sectional area) 220,000 psi

Filament (based on equivalent filament cross-
f sectional area) 315,000 psi

Modulus

*u Parallel to direction filaments: 8,7 x 106 psi

{ Perpendicular to direction of filaments 1 x 106 psi ;

4
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Poisson’s Ratio 0.25

Thermal Expansion (70 to -400°F) (from Curve)

Parallel to direction of filaments 7 x 10_6 in/in °F
-6.
Perpendicular to direction of filaments 1.4 x 10 in/in °F
The material used for insulating pads is an E glass (designatinu by manu-
facturer) with a binder. The bulk material is stacked, pressea to one inch
thickness and cured at approximately 450°F for two hours. The resultant is

a one-inch-thick six-inch diameter compressible pad.

7.4 Instrumentation

Since the primary objective of the program was to develop a dewar for
extended mission (180 days) capability, instrumentation was kept to a
minimum.

7.4.1 Temperature

Eight platinum resistance thermometers are installed in the evacuated
annulus space. Schematic location of the thermometers is shown on
Drawing 460992,

Identification

Number Location

T§~23 On vapor-cooled shield tube discharge
from boiler

TS-24 On fill line as it leaves the pressure vessel

TS-25 On pressure vessel at the normal top pole

TS-26 Center of flow pattern on vapor-cooled shield

TS~-27 Directly over one support pad on the outside
surface of the fiberglass band

TS-28 On outside surface of fiberglass band
between two support pads in the normal top
polar region

TS-29 On vapor-cooled shield line as it discharges
into the girth ring from the evacuated space

TS-30 On vapor-cooled shield line as it discharges
from the vapor-cooled shield
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Temperature sensors are manufactured by Rosemount Engineering Company, (REC),.
They are Model 118-347-3 and cemented in place using REC cement #5924,

External temperatures are to be measured by use of test facility equipment.
7.4.2 Pressure

Two pressure gages are located in an external control module (Drawing 660995).
Internal tank pressure is measured at the vapor flow portand the vent port

(see schematic Drawing 460992) when the control module is in use. Gages are
manufactured by Ashcroft Duragauge Company. The gages are identical,

Model 45-1377SC, 4 1/2-inch face, and measure pressure from 30 inches Hg vacuum

to 300 psi (Drawing 660995).

Vacuum pressure is measured with an ionization tube, Model 274003K manu-
factured by Granville-Phillips Company, Vacuum pressure may also be
determined during operation of the 30 liter/second Noble Vac-Ion pump,

Model 911-5032, purchased from Varian Company. The Vac-Ion pump is furnished
with a controller unit which provides a means of measuring the vacuum level
as well as supplying the high voltage to the ionization probe.

7.4.3 Quantity of Propellant

No internal instrumentation is provided for measuring the quantity of propel-
lant inside the pressure vessel, A weighing system consistiing of four (4)

load cells, one (1) summing box, and one (1) transducer indicator is furnished.
Tare weight must be established prior to each propellant loading.

The coordinated weighing system is manufactured by BLH Electronics Inc. Each
load cell, model C3Pl, has a range of 0 -~ 5000 pounds., The summing box, model
308, contains the electronic circuitry that adds load cell values and sends a
cumulative signal to the model 8000 read-out box. Weight is shown in pounds
in the nixie tube display.
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8.0 CAPABILITIES

In meeting the objectives of the OTTA program, a unit was produced that
provides a multipurpose test-bed for any number of insulation systems,

The outer shell is conveniently removable since there are no plumbing
penetrations or attachments to the spherical sections., The plumbing and
suspension elements attach to or pass through the single girth ring. With
the spherical shells removed, the entire annular insulation cavity is
accessible for removal and reinstallation of insulation materials.

The OTTA system is designed to accommodate a wide range of storage pressures
(0 - 150 psia) and operational conditions.

Specifically the OTTA offers the following capabilities:

(A) Use with liquid nitrogen, oxygen, hydrogen, methane. or helium,.

(B) Storage and operating pressure from zero to 150 psia.

(C) Suitability for testing in temperature environments from -65°F to 140°F.
(D) Liquid oxygen flow rate of 10 lb/sec.

(E) Suitability for changing the insulation system to test specific
thermal protection objectives.

(F) May be positioned for vapor or liquid withdrawal through the vapor-
cooling system.

47
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9.0 TEST

ey

9.1 Type of Testing

Thermal design verification testing is the only type of testing that has
been performed on OTTA. Test fluids used were liquid nitrogen, liquid
hydrogen, and liquid helium. The tank was installed in a controlled
environment which was maintain~d at 70 F or 75°F,

9.2 Objective of Testing

The purpose of the testing was to determine the effect.veness of rhe thermal
protection system,

9.3 Summary of Testing

Liquid nitrogen testing was first begun during the last weekx of Augus* 1971.
The initial test was to determine the nominal heat leak and was completed on
October 22, 1971, Since the OTTA thermal protection system was considered
to be experimental, a period of time amounting to 18 days was used for
engineering observations before starting the 1971 steady-state heai leak
test, This period of time provided opportunity to adjust, check, and cali-
brate instrumentation and mechanical components, as well as observe the
thermal effects on the vacuum maintenance system and pressire vessel
supports. The steady-state heat leak observations was started on September 16
1971 and continued for 36 days, At the end of the heat leak tes the con-
tents were pressurized for a rapid depletion test. The heat leak was
observed to be 13.1 Btu/hr under constant pressure and environmental tem-
perature conditions, A vacuum annulus pressure of 4 x 1079 mmHg was
dynamically maintained during this test period.

The second exposure that OTTA had to liquid nitrogen came after approximaicly
10 months of. required delay while an internal vacuum leak was repaired and
an external modification was made to the fill line connection, This second
test was performed in such a manner that the constant pressure level was
approached by decreasing pressure fiom the fill level. Whereas, the firs.
test involved an increasing pressure to the desired constant pressure level,
The 1972 test was performed using effectively a static vacuum., Heat leak
was monitored for 49 days but "officially” recorded for only a 4-day period
after the insulation system temperatures had stabilized. The results ot

this test showed a significant improvement in heat leak to 8.4 Biu/hr,

A few days after the end of the "official LN, boil-off test” the vented
flow was stopped creating a “no-flow” condition for observation. Pressure
was allowed to rise for 18 days,

The third cryogen exposure for OTTA was with liquid hydrogen. This test

was actually intended as a cool-down step in preparation for a liquid helium
fill. However, the hydrogen exposure was maintained for a sufficient amount
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ot tim2 to reach a reasonable thcrmal stabilization so that a practical
heat leak could be established, The resulting heat leak was 4,45 Btu/hr,

Liquid helium was transferred into OTTA on November 3, 1972, The boil-off

: rate was continuously monitored during stabilization which required

7 approximately 24 days. After the "official LHe boil-off test"” the tank
was continuously monitored for a period of two months in a minimum loss
condition. During the remaining two and one half months of observation
various thermal reactions were observed with and without the use of the
VCS, in the no-flow condition, and at supercritical pressure levels,
Results of these tests are charted in Figures 22 and 23,

9.4 Test Procedure

The testing that was done at the Beech-Boulder facility was performed
according to test procedures BP 15438 or BP 13534 for liquid nitrogen
and BP 15551 for liquid hydrogen and liquid helium, The test procedures

¢ cover all steps in preparation up through the heat leak using the vapor-
cooled shields, Engineering investigation tests that have been performed
were directed by W. L. Chronic on a less formal basis with a log record of
the steps taken,

9.4.1 Conditions of Testing

The OTTA was installed in a specially constructed chamber to maintain a
temperature environment of 700F to 75°F, During the "official"” tests
no adjustments or repairs were made to the unit,

In 1971, prior to the "official” test run, a minor leak was discovered

) in the vacuum annulus. Engineering investigation tests were performed
Lo determine the magnitude of the leak and whether the attached pumping
system would be sufficient to overcome the leakage to maintain an adequate
vacuum level, Positive results allowed the test to proceed under dynamic
vacuum pumping. Subsequeni to the 1971 LNZ tests the vacuum annulus was
opened, the leak found, and the faulty part replaced. A failure analysis
1s recorded in Beech Report ER 15507,

9.4.2 Instrumentation

A list of instrumentation is included in each test procedure. All Beech
equipment is calibrated at specified intervals again-t standards traceable
: to the United States Bureau of Standards.

lank vacuum, internal pressure, outflov rate, and gas temperature were
visually observed and recorded manually in the 1971 test. These same
parameters were observed and recorded in the same way in 1972 and in
addition the tank pressure and outflow rate were electronically recorded,

b s o sl imtalietbd
Lok S
w . .

Temperature of insulation components, environmental chamber, and dewar
skin were electronically recorded.
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9.4.3 Tests and Discussion

The following tests have been performed:

(A) Continuity Test - Temperature Sensors
(B) Continuity Test - Strain Gauge

() Vac-Ion Verification

(D) Thermal Performance - LN2 (1971, 1972)
(E) Thermal Performance -~ LH2 (1972)

(F) Thermal Performance - LHe (1972)

(G) Tank Depleticn - LN2 (1971)

Tests (A), (B), and (C) above are electrical verification of operability

for the equipment noted. The Vac-Ion pump performance during the 1971 test
series was not a.together satisfactory since the total operating time to
failure was only 353 hours. Normal life for the Noble pump is at least
20,000 hours, The Vac-Ion pump was not used during the thermal performance
testing in 1971, Discussion with the manufaciurer on the Vac-Ion failure
indicated that the observer condition (termed failure) may only be a tem-
porary shorting of the plates due to having op<«rated in a nitrogen atmosphere
above 1 x 10~4 mmHg pressure for a short period., This condition was later
confirmed when the pump was sent tu the factory for repair,

The thermal performance tests (D), (E), and (F) above are graphically
represented in Figures 18, 19, 20, 21, 22, 23, and 2®' which show the

full testing sequence that was followed including the effects of cool-doun
and stabilization,

For the liquid nitrogen test of 1971 (Figure 18) the OTTA was Iilled a

low pressure (12.5 psia) and then allowed to build pressure slowly to the
desired test level, The test pressure was 760 mmHg. This method of
approach causes a very gradual temperature stabilization to oc-: since

th> flow through the vapor-cooled shield is restricted while ; ire 1is
bui'ding in the pressure vessel. In 1972 the vapor-cooled shieiu flow
channel was allowed a full flow during filling which cooled the insulation
system at a very rapid rate. It is very easy to overcool the shielding
using the second method which can cause a delay in temperature stabilization.
Fill pressure (1972) was maintained above the desired stabilization level to
provide a positive pressure control while adjustment was made to the desired
level, When hydrogen was introduced into the OTTA, the vapor-cooled shield
temperature was manipulated to a precalculated 'evel in an attempt to reduce
the stabilization time. The boiler shield tewperature became colder than
desired while the vapor-cooled shield temp2rature vas being adjusted which
caused a delay in a.tually stabilizing the insulation tempersture. However,
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the vapor-cooled shield temperature was controlled easiiy within a tolerance
of + 20°F during the rapid cooling but should have been controlled to a slower
rate of cooling to maintain the proper boiler shield temperature. A rapid rate
of cooling was desirable since the planned test time with hydrogen was limited
for obtaining stabilized results.

Immediately before introducing helium into OTTA the tank and insulation system
was precooled with liquid hydrogen, Several evacuation and helium gas purge
cycles were performed to remove the residual hydrogen gas before tbe actual
helium fill, Liquid helium was then introduced into OTTA with a mirimun loss
due to cooldown. The tank was actually overfilled with respect to the pres-

’ sure level being maintained whick caused a discharge of liquid out of the
venting systen for a period of time. When the pressure was final'y adjusted
to match the specific volume that would just fill the tank, stabilization
was achieved within 48 hours,

Time presented the opportunity in this project to experience a significant

| observation of the effect of no-loss storage during the nitrogen and helium
exposure. When outflow wa3 stopped while the tank :ontained liquid nitrogen
an irregular pattern of pressure r.se and fall occurred. The pressure rose
rapidly to a rather high level then dropped off rapidly to a new low level then
returned to a new high level. This sequence was repeated several times, The
general trend of the pressuie rise would indicate a heat leak rate of
approximately 19 Btu/hr. This cycle of pressuse rise and fall continued
throughout the observation period., The pressure level was alway. below
critical for the nitrogen test, When flow was stopped while the tank con-
tained helium the pressure rose at a ccnstant ‘ate through both the satura-
tion and overcritical ranges without the previously obhserved cycling effect,
At the time of the helium test the tank was approximately 43% full which
may have had some stabilizing effect on the results in combination with .he
very low critical pressure,

Numerical estimates and actual results of testing are compared in Table 5.
The chronological test sequence is displayed in Figure 17.

OV
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10.0 OBSERVATIONS, CONCLUSIONS, AND RECOMMENDATIONS

10.1 Insulation System Cooling for Optimum Performance

The function of a cryogenic container insulation system is to protect the
cryogen from absorbing heat. To perform this function in an optimum way,
each element of the system;must reach the proper temperature to provide a
thermal balance. The time required to reach a thermal balance is the
"stabilization time".

Stabilization of multilayer insulation systems, such as OTTA, requires
steady state (temperature, pressure, flow) operation for considerable
periods of time (14 to 21 days for initial cooldown -- reference Figures

18, 19, 21, and 22)., The shortest stabilization time can be provided by
proper flow control in the vapor cooling system (reference Figure 21),
However, to control the flow to produce the proper temperature adjustment
requires some prior knowledge of the right temperature level to be attained,
Otherwise subcooling may occur in the shields which will require additional
stabilization time. (Very slow recovery ~- reference Figures 21 and 23,)

Good multilayer vapor-cooled insulation systems respond very slowly to
changes in operating conditions. Therefore, to produce the best resul:s
for storage of cryogens, violent changes in pressure and flow rate should
be avoided.

In testing a system such as OTTA where time to reach steady test conditions
may be of some concern, control of the vapor cooling flow should be imposed
during filling of the tank while observing the shield temperatures. By
man:pulating the flow properly, the shields will reach the operating tem-
perature in the shortest possible time.

When storage of cryogens is the primary concern, the vapor cccling sysrtem
should be left cpen during the filling operation to drop the shield tem-
peratures to the lowest possible lével before the tank is full, This will
provide extended storage time for constant pressure operation.

10.2 Correlation of Results with Analytical Predictions

Table 5 shows the proposed values of heat leak and the results of testing.
It can easily be seen that predictions were conservative. Prior to and
during the contract period the thermal effectiveness of the OTTA system was
continuously examined analytically, As improved technical information and
definite manufacturing details could be incorporated into the computer
program the predicted value of thermal effectiveness was refined, Results
of testing show that the actual thermal effectiveness was better than
predicted and that the accuracy of predictions was improving.

A Beech Aircraft Corporation funded program of investigation into insulation
evaluation provided first-hand knowledge of the probable effectiveness of
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the actual insulation layup. The actual layup was simulated in the Beech
comparator and tested using liquid nitrogen as the cryogen.

During the OTTA testing 1%t was observed that multilayer insulation is very
sensitive to vacuum level., This fact was dramatically brought out in the
results of the two nitrogen tests. Comparison of 1971 test performance
when the vacuum level was dynamically maintained at approximately 5 x 100
mmHg , and the 1972 test performance with the static vacuum level at

2 x 1077 mmHg show clearly the system sensitivity ‘o vacuum pressure level,
since this parameter is the primary difference in the two test sequences.

Accurate predictions of thermal effectiveness for complex systems such as
OTTA depend on many variables. The conduction coefficients for ma:erials.
reflectance of radiation barriers, the density of insulation, vapor flow
rate, vacuum level, cryogen under consideration, pressure of the cryogen,
and the consistency of environmental temperature must be prec:isely contrcl-
led and evaluated for thermal effects if preductions are to be accurate,
Even though much work has been done in the evaluation of materials, the
coefficients and the equations are very seldom absolute. A major contri-
bution to the accuracy of thermal predictions is involved with judgemenrT
and experience of the investigator in considering the coefficients, thermal
equations, and particular system heai bealance. Generally, predictions will
be conservative because of the variable nature of coefficients with respec:
to temperature and the need for finite values in the analytical solu*aions,
Investigators tend to be conservative in assigning values of coefficients
so that their predictions will be safely in a range where there 1s a good
probability of the actual results being better,

Beech predictions proved to be conservative as expected but our continuous
analytical investigation during the project showed that meticulous attention
to actual detailed construction end using development information, as
available for thermal effectiveness of the radiation barriers would provide
continuously more accurate estimation of the thermal effectiveness of rhe
OTTA system, Now, after having experienced the testing of the system, much
more precise predictions can be made for future similar systems of thermal
protection.

10.3 Constant Pressure Operation without Flow in the Vapor-Cooleda
Shield

Best thermal effectiveness in a system like OTTA occurs when the tank is
maintained at a constant pressure with the boil-off gas being discharged
through the vapor-cooled shield flow channel. However, considerable interest
was generated during the program relative to performance without vapor-
cooled shield operation. Therefore, a test was performed during helium
exposure to examine the effect of bypassing the vapor-cooled shield with

the discharging boil-off gas. The results showed a drastic reduction 1in
thermal effectiveness when steady state heat leak rose 8.6 times the

minimum rate,
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10.4 Stratification Effects

Figures 20 and 23 show pressure variations that occurred when the out~flow
of vapor was stopped from OTTA. Prior to Sepiember 20, 1972, no real
indication had been observed that stratification might have any effect on
the observed results, Late in the day on September 20th, after six days

of "no-loss" storage, the steady rise of tank pressure stopped and sharply
decreased for no apparent external reason. For the next 12 days pressure
in the OTTA rose and fell in an irregular pattern but showed a steady trend

to increasing pressure.

Instrumentation was not provided to measure the temperature at different
depths ir the tank and the sensors on top and bocr+om of the pressure vessel
indicated the same temperature, 1f there was actually a temperature dif-
ference between top and bottom of rthe tank the platinum sensors did no*
detect it even at the Lime of rapidly changing pressure,

Personnel at the National Bureau of Standards (NBS) advanced the theory
that the warmer fluid is in the stratified layers at the bottom of the
tank and periodically develop a gas bubble. The bubble rises through the
stratified layers of fluid enlarging as it approaches the vapor/liquad
interface and then bursts in-o the ullage space causing a minor amount of
atomization of fluid which lowers the temperature of the vapor causing the
observed pressure to drop.

The maximum fluctuation in pressure from high to low was no more “han 2,0
psi at any time, which would not have been detected on the pressure gauges
supplied with the unit.

The construction of OTTA may have contributed to the observed condition
which may or may not be a produc~ of stratification, The fill line exrenas
without a gas trap from the bottom of the pressure vessel to the girth ring,
which allows fluid to move up the line toward the warrer area 16 a point
where the pressure is balanced. With the fluid in the pipe close to the
outside surface, pressure could rise in the line 1o force the fluid down
toward entrance to the pressure vessel. A gas bubble would then be dis-
charged into the tank. Depending on the size of the gas bubble developed
the pressure in the fill line would be reduced again allowing the fluid to
rise in the fill iine and start the percolation process all over, |If this
were the case, stratification would not play an importan* role 1in the
observed effects, It is suspected that this phenomena is more likely o
occur when the tank is full of liquid than when at lower levels.

10.5 Computer Design

The thermal protection system for OTTA was desigr ~J hrough repeated
improvement of computer models., As refired value. - . conduction and
radiation coefficients were available and as details of the mechanical
design were available they were input to the computer model, The solution
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determined from the computer model requires many complex and ‘rerative
calculations which would be impractical from a time and accuracy standpoint
by any other means. With a computer model using tested materials, it is
conceivable that very accurate thermal systems (MLI) can be designed with
confidence for specific applications,

10.6 Silvered Mylar and Silk

Pure silver, as used i1n coating mylar, is subject ro rapid degradation of
surface brightness due to tarnishing from atmospheric oxidation.

Silk material, reing a cellular animal product caused much apprehension
because of the probability of outgassing,

In practice, Beech found that tarmishing of silver and outgassing of silk
were coutrollable and acceptable respectively,

Examination of tarnished silver on mylar was made to determine degradation
of the emissivity value, The results of these tests were only qualitative
rather than statistical since the tarnishing environment was uncontrolled,
"Mild" tarnishing was found to cause relatively little degradation in
reflective quality (10% loss) while "heavy' tarnishing caused the reflectance
to degrade by a factor of up to two, The "heavy' tarnishing effec® 1s
sufficiently degreding to cause elimination of silvered mylar from economa-
cal use because the emissivity would be the same or worse thnan less
expensive material not subject to tarnmishing, However, control of the
tarnishing of silver was found to be practical and feasible within the
state-of-the-art of clean environments as provided in normal space

hardware manufacturing.

The outgassing characteristics of the silk material are still in a nebulous
state of determination. Practical outgassing tests are very difficulr te
perform and require a high degree of sophistication to produce meaningful
data, Beech elected to use silk on the strength of practical application
tests performed to determine the difficulty in producing the required vacuum
level prior to OTTA manufacture. At this time, after over 18 months of
vacuum exposure, it is Beech's observation that silk spacer materia! does
not significantly deteriorate in a vacuum environmenv and that se*~isfac*ory
(1076 to 10-8 mmHg ) vacuum levels can be maintained while using silk,

10.7 Weighing System

A BLH Electronics, Inc, load cell system was installed to determine the
quantity of cryogen contained by OTTA. During the extended test period it
was found that this weighing system was highly sensitive to the temperature
environment. A deviation nf only a few degrees of temperature was sufficient
to cause a noticeable change in the observed weight reading, The temperature
effect on the weight reading was consistent regardless of the total weight
being read.
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The maximum weight variation observed for one degree of temperature variation
was 4.0 pounds,

The conclusion to be drawn from the observed data with respect to the weighing
system is that absolute readings can only be considered accurate to within

5 pounds if the temperature variation is held to one degree Fahrenheit,
Considering the OTTA tare weight alone (4595 pounds) the maximum weight
variation due to one degree temperature change represents only 0.1 percent

error.,

o
Using a reference temperature (75 F) for the base-line weight reading, a
plus deviation in chamber temperature produces a lesser weight reading. A
minus deviation in chamber temperature produces a greater weight reading,
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Table 5. OTTA PERFORMANCE
PROPOSED TO NASA LOZ LN LNZ LHe
Heat Leak Btu/hr 21,63 10.9 21.09
Flow Rate m lb/hr 0.236 0.056 0,246
Heat Flux Btu/hr-ft 0.1082 0.0545 0.1055
% Boil-off per Day 0.035 0.136 0,052
PROPOSAL REVISION TO BAC PREDICTION
(from Thermal Research r{ter
proposal)
Heat Leak Btu/hr 17.58 5.08 16.08
Flow Rate m 1b/hr 0.192 0.026 0,188
Heat Flux Btu/hr-ft 0.088 0.025 0,080
% Boil-off per Day 0.029 0.063 0.039
TEST RESULTS (lst Test Run)
Sep - Oct 1971
Heat Leak Btu/hr 13,095
Flow Rate m Btu/hr-ft 0.152
Heat Flux Btu/hr-ft 0.066
% Boil-off per Day 0.032
TEST RESULTS Aug 72 - Jan 73
Heat Leak Btu/hr 4,45 8.40 1.22
Flow Rate m 1b/hr 0.0227 0.1006] 0:1500
Heat Flux Btu/hr-f-2 0.0223| 0.0420| 0.0061
% Boil-off per Day 0,0560| 0.0220f 0.2100
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GLOSSARY

boiler shield

degrees Fahrenheit

feet

ultimate tensile stress
yield tensile stress
acceleration of gravity
enthalpy of the liquid
enthalpy of the vapor

inches

pounds

pound mass

liquid hydrogen

liquid helium

liquid nitrogen

liquid oxygen

moment at point 1

margin of safety

mass flow rate in 1lb/hr
millimeters of mercury

g acceleration in the X axis
Orbital Maneuvering System
pressure vessel

pounds per square inch
pounds per square inch absolute
rate of heat transfer Btu/hr
second

safety factor

thickness

tensile force

temperature sensor

shear force

vapor-cooled shi.:id
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GLOSSARY (contd)

emissivity
total effective blanket emittance
heat required to expell one pound of liquid at constant pressure

heat required to expell one pound of vapor at constant pressure

density 1b/ft3
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APPENDIX A
’ DRAWINGS
Gage Assembly - Ion 460947
General Arrangement 460966A
s Schematic 460992
Temperature Sensor Installation 660943
Support Installation 660969
Module - Control 660995
[ Organization of Drawings Table 2
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TABLE 3

1 TEMPERATURE SENSOR TDENTIFICATION AND LOCATION

TS BP-15438
No. Ident.

Type
Sensor No.

Serial

Location

1 a cc N/A Chamber air above tank
2 b cc N/A Chamber air opposite #1
! 3 c cc N/A Chamber air above tank
é 4 d cc N/A Chamber air oppusite #3
i 5 I cc N/A VCS outlet pipe
6 J cc N/A Fill line outlet pipe
7 K cc N/A Vent line outlet pipe
8 L cc N/A Outer shell North Pole
i 9 M cc N/A Outer shell South Pole
10 N cc N/A Girth ring electrical connector
i 11 o cc N/A Girth ring electrical connector
12 P cc N/A Outer shell between girth and North Pole
, 13 Q cc N/A Outer shell 180’ opposite #12
14 R cec N/A Outer shell between girth and South Pole
! 15 S ce N/A Outer ghell 180’ opposite #14
23 C Ft 271 In vacuum space on VCS tube on noiler
5 outlet
; 24 B Pt 270 In vacuum space on fill tube 1/2 1nch
i outside boiler
i 25 Pt 269 In vacuum space on P,V, at North Pole
' 2¢ Pt 290 In vacuum space on VCS approx. midway
t 27 Pt 261 In vacuum space nn support tand over
insulation pad
é 28 F Pt 262 In vacuum space on support band between
; ’ pads - North Pole
i 29 E Pt 273 In vacuum space on VCS tube band
9« 1 nearest girth outlet
fi {‘j 30 H Pt 274 In vacuum space on VCS tube at VCS
fj; outlet
i ’
,
|
; ’ 70
L 20-33344
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APPENDIX D
¥
TEST RESULTS
Liquid Nitrogen Heat Leak Test Record - 1971 Figure 18
L]
Liquid Ni*rogen Thermal Test Record - 1972 Figure 19 &
Figure 20
Liquid Hydrogen Thermal Test Record - 1972 Figure 21
{ Liquid Helium Thermal Test Record - 1972/1973 Figure 22 &
Figure 23 &
Figure 24
.
i’
73
90+31 364

mrﬂ




24 25 26 27

Wi ,.VT.L&. 151 .Mm S B seges tes Wil
|7 .v.mﬁ.. it . -
P el e 3H- $393 :3aq8 11eS i3 f.-.
2 ji3ss = 33t sk =
. S bt 441 ; 1553 Heh I
splss - ..Lu.. = ..
1 34 044 et b3 i
ot B o ot o33 1O
[aeds 233 951 s [533 $Y5L H
5! i ShEiip i
o ] .
- - .Tn“.. -
R . e oergei
b s ool = k 18
‘o va g ou -
el e
3. 12 g
Hpes irsst 3
e sxpul Ribus T
IH e
. - ot S
gasl
t e d 1
T Hh
T be +
Sors 12 jorwgulie
agge tofl pave 12
T g2
naey ol 4]
. s bagy ]
panay - < L4
todw el
= reugeass d
3onad o pos Fresdnnees
A -
YSgny vo Y z o
HEp e -
fres oo
rae ro R ol
e [pee
d . s
< co i A
b '
T jos :
ge ouf b+ .
= g . L
e sl I : o B
; . i
RRE 29 v b —— ]
et gedt -3
& 2ns 04 i -
"ermn»n”fb 1 4.Hm =
12584 3% =
e cagey s .H.lw
i T
"y T ST
+ [ays EEods o T y3t soou
3 apep! unw 3 ! = e i I
= T T. swwesy ys ey e
H T T
Bt T Sossivesy T
- e 15 3 .. pe I
owd 1 + 35 T :
Hrioh + 11 T
3 s
&5 ppae s 8 jbpus suasy 1 T 1
t » t Tt +
11 n g e o t T+
D! 1 + T be
ot 1 > FE SO 8 e L 1 +- »N
+ {f %w ! joawe 84 1 segs! v t 113 Tt .
e ool ot ¥ »e IR 34 -y s ,
s 1 1 pg ¢ a iy 1 g Lo
53 STRSE 19K 1 prae T by outs FEops 3ot er oy R
3 agegs boe o T soed joge 5y vhuse Yopudpéues e R O
11 i I »e owt ot o P eweetios. -
1S Ppee I oy + sowwe sevey ssas
g bRewe 1350 s o + Dus i SRout s3ady Wl IS
113 2 3593 Sl 2 .
1 + s Phes o1 T
yoess sanse T
> T rogn 2
: & s ; 1 1 I
ot 52 15853 $o322 SoTRS ISRES IR tuaea e 3
b oy s 1 = Nawes It aae e put
IE T 1 savas t 1t Tt T iopas faod
z 1 =33 1 o +
S5 pm poogs IPene SPwRE reg T = g =y poa T3 T
ja! b SO of T * 9ol JRET hod pas s v 4T
Fone 1 [ose popes o33 Fog 03% 10
pe=s Reas 2= Eous3 1503 SIRES 13558 5 0R2 T 3F =Y 23S
T be badhs o4 shows Aol saned Sgsve B2% Sud
joesy eaus [Segs Seaud shagd aggns sasee bams e bounliye ey gig o4
+ T T jopes Aogas to o] soemare. g
e ‘. — DEBSS Sonae o g .
1+ 1T ++H TR joos sagog sans: 'rhu.vn.
- = o5 sanve pemas
Tt e e + T+ ot + :
7 358 vos 1 = o 3
13 3 s S5 o8 t rea st T 3.
suns sawas souns -
i : 13 ot T S3% sassd ooe: e aes shbas
T s + 3 :
1 e T T .s T+ oe v oy fbary
3 1 3 ; I Ess =
-] gage 3 oot =3
ot e ot 1T
» T . jos >o9e
T + Tt + so5es 51
e pes >
133 — T poe +-
+ ++ T + >
H BRI 3 17 3 T
o
+ e 4 e 1 = & T
T t . vy e s wen
magges +
ey paess supestune ows Sveat eemves 1
eetme e rad? rases tored hrees & Beos Prgs S 5 =
1 = RET 2ug nsvepelie
= b rai
i1 rowe : sud gbied epres T
11 S ees dans t
- i~ ¥ T o SoRe
Eaes s gad Pt as =3 s
e (353 5 . 533 ;. S s e, o B3 2532 H
. wad - .
T ony ’ T e
$ a8 § 1t 5
 Saaas H & —t Je Tmas owmas ¢ jos & 100 ¢ 1 it
E— -
\ - -~ -~ -
- - - o o o 2 < o e
I Ne] O N T o e vl ) o)
- - N N ~ 3 ~ Aol o
1
- - - P

AUG. 1971




—1204

x o ¢ e 9 2 9 8 8 e

& o (] < o s s .

< N ~ ~ ~ - F ¥ : $ I+

— =D [ -] (] rr 13858 saTe335330 S5 555 $308s 45558 Fa8y S5 { : 3 i f

e nes :
T sEsiEsss sl RS RAES FRARLEE resmaniss 38 0
808 Boeey 008 Sabad so5! 3 HH ++4 t 098 P 24
$ THHRES oREs sass t 1 1 3 . 23
+ T )pEPe s E] pOSEE RaUES 4N 1 . e
T Eict ST IReEs hut s st + % : :
= 131 ot H T i 118 L
HA - b 2 9884 e e o1 4 4 L »
jnmsnn i i b3 BaEss B : 32381 it e ’
ESRE suns: sons 1oy $4ve LPIM o e t o wn $ 4= .

- [EE83 AEESS Sabos s puas ke B5s Bas el spaves - -3
.uxxlj%L o8 13 ofrm valmx M.» puagE »rAu s o 4 ~m 3 > I 4 1 .WM 13 t »W H m *
$2aniles: BPSs: T7apr o8t BegRRivy T . 3 b 1y : T 2115 i

s + i e? $38es 25221 3320 ST, : HH trisdeid HATHETE . :
E R s R KR s R, i : i Adinnbid i ik o ;
bod setel phaes SO0 ¥y g 5 004 -+ s gpBhs & 'y 3 T .
o ot o3 S3ree osgs sopnzanves o R ] } I iy i ;
ITe SESEs 313 52 SHET sECH MESECSERS: taias seadiontts dhoh) RTINS 1ol T T H i e it .
Hp R 23t 58383 Frees Sopad pasel (IR RRD! ik o aetiyies sEect, 53 15 t H £ 2t B [10 10 H

1 322 3E08 SRE31 $23) FRRE2 SRERS FEEEY IR HH R (e 3 ST e Tk
Hifd WWJ e .nxumﬁ .»m S bﬂmw WWA: W.« pat LR Y aist 1 7 283 Sheg fiiprn m
i 0 133 L3 Sohue obd i Tt » AEIPe PRESE gBpA) B 1 + -

I spagts T B SEESTSEEE ETS EEEES 1353 wm» “\mmx Mlu sdspoussgsese I33MLL 1 : : : vy 18 e T .
e 1 nn 2 EEEIE podd T i34t H b &
nnw bt 53 Fioed soet SeeveErtl FRsts S1ds ' A‘*_.. - peae w R O i ) = W
s - pos Sag st g2 298 33283 S3H1 3 TE] SSR1 fRasE saThe HRER chous Ematl TRl SEehs = : f
spess ¢ 1 «1. SRR :.w CA“R. ‘MM pege: LTI w ST 33 S ETISATL: ST 84 : t t : T ¥ R t
o3 b H 131 st o0kl SEtt E1331 Et8s HE .x.w T+t 33000y ses st ToTseiicnlls ¥ e T 1 1
roa3s sERzs o BRI FESELSTINY FEuTs SRLT FETRLESEL: BERLE IO idtb e INcEnT R AR HEEEH t
323 T TR B :.?mr‘m fres W\M». i zyﬁlwm.m %ﬁ EagE e j2et e + t t \
-] : PES EEE RERR] [Reds SEES SRAD FES? Seyes Leust soru: sEessase f DESES EITY) 2331 isyatbuss g e T i 1
S £ES S3EEL FEES; Sesadsiss) EOURS sl FECSEENRR ERLpaune fesi s ol o H e iR R n R $ : + s L
S2334 RT3 SPehy g5 u5at SEBRY pode] i ERe S3Eet Sose 3 Hi; s 1y feee Sos 44+ ry } 1 e b ba
salspotege Shast ts e 23808 pogTt RRPt SEER8CIERM I ot 1 soser s T 333¢ 322t 53 mw ik 1 i T iR Bigt "
Bt tay ;3531 pebal SRR RSRR] s MASEL IS O MOV cotf et tebab WS ET 5314 fadnietes 3 . 25 - : it %
PoRs pugss o2 Bt} P < JBiieesas guieypoti S .
e i a2 A I I O EER ey fena S EICH IIEH o T e RS M R e B e A5 ; i w
S220 L3981 25, o125 o) SrSas Seays EaRTSETISe ERRSY STERY IRAEHERSTL S giets InpbaTAEE oft - ah 5% o1 } it
Rt i i Eioe =28} EESS SETRL EEbRT EERE TR R BAS1 EROT, E0de EES3 bees eats ezt ittt i idi i s it S
SEEHEE e DiEet TR Eeass SEP EESTVLECES S3RE1 SRS HESRRIAESH HHE 3 44 18308 bEEE $0450 8041 130RA 1ARYS ,w;:.:.w T3 R RIR Y 3 R ]
apese aa; poo ik E222L BEESE SR L SR00E SE2RU A2 538 £2AS SHpH £ H .M ww 1 Lt
s e B ol U B R HHE HER R AR : i 1 R R mm T G R RRLIRE MR A i i N b i =
pEe po08] Soone i s ; et o3 BARTS SR T2 £ TN H |3 233} ¥ M I3 1% : $383 33 t Ty mn M 33 1338 132 TN 18 A
i 12 L A L O B BB B, e et s 1 AR B R T 8 R R s
pr et f44 IESEE FOREE 41 15 353 SESTE 3L Fee ;T3 S T s B33 I3 EE ESERRLE IN He o8 e g %3 s e H 1
SR Easct Lioys eTals SR R e e LR B R L R R R I i -t R R Ha it L 113 .
IESE3STY 25523 SRR EEEE3 EE N ERREE 2204 SRETT SRR EY SRS RS 2ot i > TT3: 133 R ERE SEsa S0 EE FER A 1A LLe 190t w.ww A3t i 8 ¥ jsuss 13237 £
313 21 41 boEe H 13 153 PUERS £4851 IXY i 3 ISR EERE: HIR Isii fikte mmﬁ» H 1t t 1 ez 2s sagmn gw ] o
Fiets e 24 distt EEt R SR I 'L SEEEE BB 15s a1k EEds HitE pIREERgeat 3] W*www‘. J3SEE] 325Tl 2311 et tencs ot ey * il s : Sieyieoe =
PyEss se3 51 S3EH FRO EREE EEEE EEERE BEESS Btc ERast o B A L iaes tesatsepa: Shb ens 823 So5as soa Ty sopue ! £3s G H YT § saoee HIESABILLS ] w
FSEE E33 it BRI AT BEE3: IEES SES34 Eo61 p 504 ¥ 1 pod H sesas L ol rogt g8 1 . b seeyy o9 ++] 73
EECIRBERSt SEEC FIEIN ELE: sus szmes ppens 11 feed supas e51 s5dke sanse 98 o8 o3 T #:3 s
. 1T ot ppisn Spank seoo p3 081 sesisesss (a2el SROSNRILRELS pess suo: e dnntonts s sna * r
: Eaes DEpes thEs: LESS Y S53s SS383 SEa 11 o H‘K it Seiheteth s ! o
: tieps sen 13 T Hw.u« a3 W ¢ oS S33a% Sancs tean. o sovse &2 T - + t 3 w
[ESSe $6508 Sty -+ T =1 -~ Iuney Fret i b
sadel fgtes Shem HEine 32 =32 S3% caese syryeesyy popuas oot fiezstesnifiessasudl o 3 iasTasent ST et PRl : i
EE P L8 Erape pppks chesy vewgt 1o HRETIN e (531 G SR e et 20 iR iR IR NI MRSt et nin: iy et I s 802 h 385
JRSRS etts 7353 FREed sstod sepds "of F3 sesedsasci rafr 4 38ite 10ust fanss 0951 e vens oo3s TEEL] ISRy S5 5E T 8 1495 o5 T 134 Y
33 SRANS SYERS Sy WL 3% erTes 3332220t 2251 5333 TH 1. agss S5 Saf FOugs - r:fﬁ; $53ed Srgat rasqs ~H v.ﬂ T y
o228 £3201 SR 05T, cuds TR o sa06dod péuse sR08] [S0D : 1 S S s Seacd toxss SERPE L8 I8 joe o1 }
EEREe Faktt RS ¢« S ISR, caRu] Spasystata 6 dheieh ptfgacat L3553 taase seeas soest rE pyLal IEL AL iR iRy 2 1E: 233220 Tl
i [§ REEssIsTas Lushe fhbog seast sysls Sragadnnas i3SSEIo0d) i3ped (oeqs I = =
I Sogusages: it e tos0s yaase tregssare: revns 2a99e soU EH pier
Sagss saags pugws 3 fIsgs R {23 Sause beusy sravy 4]
17 sukas L=+ Jequy sovet [SSeh preiy suqes 395 tase o s
i 1.1¥~Tyﬁ ;2233 st ey ks 3 R 22 g Rift
B3 e i T )OP8 s 12980 SEUYS 1 L
i W&ﬂ%uﬁn{ 215 S jhes) Bhat e B HEE
S ens o ows soveg grens sut gs $2008 £2353 33331 s 5 .
T 2IT mrht..uﬂ..»v TR E Jﬁivwn.f Hhi i RER 3
g Sm e & e su: e -
feTet JEtss mu 2 1 .
H pigsyiemessenel ps: T
gt .t Tonentan
- Lol ot o v FPEeS PSR OTTOL TTESY SPEC SOGSRERSPE Nirke
o —— g 2e 33 BET] SRS Saot botde Shthy Bun bt o ors susas ssedest iois!
= R R L TR s F I e RS et e s st el et ek B iR s 3 bbbt *
I PRE TS Sop b3 REed : : Sie - y 5333 13583 583 a8 4 3a5es S22t} pugve
: TR EIIE . SISEN ¥ BB e e S e prane ey sagsa east gaans pEbEE cEEE AR UL SIS ol tegt sSu S taae: sere Iy
: JESss a2 20 B3¢ “I2pbEt” T ETH po poget y B¢ 3S3E] Soded fea ] Mheys bysp sieat - * 33 s t
: EES DS Fhes. F3so] PRE . 4 asase our . :  voess 1 .rmmlfr 5
L |3 speee Soul
KL 33 auss e ogus i s
”V 3% 22528 sease svuge 1eone 29993 7t
Towey ames 1eues SIETS Fiete
o I i en e BER
b Enas suge o pabba —p
= ST Sioh IR ST R BT B "
H e e Teoes potyy ShEss TR
: i3 BRI K Tee SEELT Topse *3eit SEET) (RN
— T I3 SRR Y ] e FSEs sress Freet abiet 51 > m
s . S SO bt 33 JSE 55h IR BN B i
R ilei‘t.xAZ S o B -
» M i R S &
. - - R ~N
! bl
5 SRS SRR AP
R e o : ©
4_ . s 4 : 2 ~ -
PERS . ! -+ : : ; w
) . v S S s T3 301 ~ =
. j3¢1 83 53551 R Re LA 4R 100TS LIk
T T : RS FN dert: ki ~
. J SSPPS asees soppe SRESs ol Sind o ik jadesyes 1400 : .
; FEPPYC Ss cRol3 FELEE OO =t iR e fisa st £333% Rees spot: RV RS o
e soppy sesay T e Sfus] sqeds paeryiase 133383 Y Hmwﬂw«i et
—t ' [SEEEATE SPLES STeS BSe H_? Y.M sewey spoepsesst o hins 15se sasas fesR s 31233 o3
SN T2 SEEN thott EREEL fot) 383 3321 i s fEea peasd e b str ] mie ol 3usSesss rpvas e tys Te00g STy ® a
b4 B £TE3: ERTETpRsSE SRR ERE EREM RRAES fRstd igita e Haei b g 3 arigs et et Ll iagd N
- S SRR AR e + bsgas rysas saeqe E2 2328 §=eereets eoye fTase (peRa 10081
— T g sa Rt e 2558y tE3ey YTYT jrote $43¢8 1EI Y egey L 1s fsies et T
RS H S D e e v sevr ot fessiss regs ids! 23333 33383 $35Td 585
IS kS R EoTes SERRE STst PRREa oo BRERi iT m. e 3] v ua B¢ ool s33setee
o et SRR s shans bided savut SSota S04 4 savess: e ines: faess sqnes sanys spevs 33
RSP pat e S5k b petay sopes Fhodt Sapoq sdngl -t b4 FRE e Q¥ s sdamE Hht ebe
Lk . ST H T e > by Fo ve H [ous propd apawy SREY _L... (i )
. T Fo238 R TTs I3RS SoR e Poned ante el g Dpeds gt e Pt [Re 2% 15298 AFRDe Soud sape N : -
- FEES sEas] IREAS PSR JERDS REant joRsetans: 3OH N e e il 3t se2es 3
i ase Soas: Tt : 08 DR Lant




334 Fod83 b : X Cpea Rtecrt iiag:
M 3¢ r9oge . Jgee dged jeoes Sugee 194 19728 .o k
bege souty s 3 3338 3 aes on ee 13328 1291 N
[3es 138331 < 12933 11982 reves 303 SR B E . T -
37 i3 ve 09 t 19328 sanag ive 1y 794 153 fpde Hdey .3 . .
43 1994 1. ¢ R IRE: ] pry i 323 P i
o PE3RT 22323 Cen 13 113 > N 11 4 1327 12T N
PSS 33433 114 e 3 35323 33333 s o3 SHHEN fast .
5381 JREE 1 55) SRINY 300 SR0uS 303 Je0) 190s., 13e4=. oS Fe3 1o £ v M WNRI 4 -
i EEEE EEI AN R EREM SN Y EEH B AR %2 IRE A E 133 1s RO I
b FOY TPaE It [N SIasY SeamEa FRET 7% DY SPY P 132 30I%8 I : 1
[554 FHE4d SR 455 PURs SR IR o BORES" - 1Ea8 3¥ss HET T 1NN NN :
B IR N foL s IS T 138 IR 1T S 1390 11T H . .
153 IR IETE EE SPTES DRTTT 10307 CO0T 1293, SN2 vees SAS3S Il 3351 B 1
L3 TR R B R Rt IR R IR T M IRB R . R o
the
33 13337 13308 3033 19 18 T T 1A ETE SIETY I8!
fod Pagid 3853 Seg ¥y Y g% o T35S 9401 ISE0 togay 17 Saw Jedpy P9 .
- s 3990 p23 98 SR T80 19098 feese i e e sLiciiit e $SeTs ig .
353 3 N I 1334 1 3N R IT 338 I O O T
PESTE ITELE Seoss tases Ia71Y iayass nid 3513
MR ani R aila i FeSgy 15es S isbiRe Tt 1 .
352 & 3 §23 T333¢ P 3 333 . . leo
34 1 fua ot HETY 4 > - .
<333 1042 L2 piiidlel b . : 3 - 4N
3 13 o8 39 + e nH -+ F ‘Nr - .
IR BN 3351 ; 3 i . .
3 be & umr
e T yoy T
re gl 3 . t t e . . ™~
- x5t 1 e - 3 - 2
T 't 1z 3 SETN T el ™
939 31 be F ¢ jos QU
{ 2ob. 4 1 e e “ -
2 o3
B T ¥ + 13934 syl o
ot fqees b i @ +
pritiget + 11 48Y o~
W 3 ad » e -
< 1 Y .r . 1! 33 R
[S2S g + i P X I3 I
¢ - > -
po o 0T S90UY i 9 e & 1 *
i 193 03 ¢ [ 4]
t fa o523 1328249 13, ¥ ~N
ooy > I2TSS ST 3 & 14 2 ISees Ioes g Y
g : 5 i2sh 33,
: BRSNS IS, 3 g $5¢
s - - bt SO0 - .
Y : POPUS PP ¥ . ‘
5 B : : p ~
R pee S .- .b b . .
>y H il s PosTe Misy )
I i Febes 1 - L)
TIRT o $rot o3t (338 ) T
=11 - 135 1 5531 3 .
=5 o It
== S 5% HHEE : -
3 3 1S s fliee _
.l H : BSH
11T 35 2 :
Ll 2t + o3 3
e P23 - [T
232 b1 SEY $8 vo s Sl
TS 35 + + esl tusss 14 19
b —— > pon >
- s vas
. PEPTY feeqdse £ 1 e ne -
Sers L et 3 avy & b N
el pusee '3 T
rE: 3 s
3o 2 33 %
. i : o
pooe pe P - ) e
IEoE ferst o3 N 1225t o209t 19 IS ESess 2o sey 23S TRUTY 291 sess 7 o e ~N
o N + + srdaiiiBe s - J 4 . RS s
roovs poes prom 1323 SSEET FI88 55T :
aranfns B35 1sEE Fet s 1 §332: & S 5383 15
e o323 ragds Sages i 1 ee S| - o33 53 3
il srigeics poes: ganpel - 8 thi 3
pos PSS S2gvY rpves o 2923 oo e -t s o2
: Epass pooY pe gooee &y 29 Sovet saglde suewy ¥ ! oee is o8
5 besdq Kyes IS : 1 [-.d
e 1 ?
— T T h
S350 NN "
153 Seis: N T3
: spese + : - +
el N + by >
H (5583 B Hi ; I ®©
P ooy pougy bot 131 peuns 11 ke + -
P s od - p
13282 pare s ve e >
Pees 3y p3 3 $3e o .
T3 e 53 $ : .
2w PTees PTeee oons qont -
S ppete ot o1 155 1 283 Sivm e t T fr mul. ~
35 t N 338,15 $243 39 thr pd Pioe ! ]
- - - w ot oot ~ - ’ -
T 233 2 3 53
EoH FiErs
+ ¢ 3 o
153 523
pppoe 2% 5. o i
1333 $ T ] [
135 i3 t . Sesss Soas: sl 22 -
gos fhaye ve: $ + * ”
ey ey pos 22t : +
o + pesst I o be
e 1 . T
3! T o : $ s 3ese > bl 3
T ool ? ¥ o3 font 1 o3
B3%3 ¥ Fude foge: T T+ 1 4 _e
[SEE & 1 1 3 o : ; 0
$ + *
e o8
PR Fass s Ayl Iy i < + v e god 83 49 v 130
[RRPe POoSs oy 3% vow + s T
.8 + + D54 . +
+
pooee Eps ot foiw.ti,f pes oas T a4z
f.o20 BOPIE YOGS be ve e
1310 PEEES popes oy 1 332 $os: e 33 e I
- - e T e N »e 8 b
iz 333 FEopy ponts bigbe ot s T $
118 SeEEs From . = s 133 I + 1
828 o 3 24
tHt t +
p3op: sesas spack
o T3S} FEeee 5 OER + :
15 353 Haps o2 i i iS5 oS bsas £
pooe e o4 * e +
e > 89 28 as e 2
35 B u TR T L : S5 EL - SR IET - Rmint- Tahi - an
2 pot = jSee e +14+ + e s 30 — 22
Ser: SS2v: sass HH = el aiez. sessiss . 3 cH L
poDe e ps o 1 by pe 38 ovs ¥ 2
< e gy v Py Pou b 4
2 = s pisssiess jeast s ihest Kaed o B f3a f232E igadt 1ot i 33 13330 135
: e20t 15583

200
3
26
-8
-300
2
4
6
-38(

I BN Y
B _ . ————— e o

197

A

i




FlG 8 (SHEET 2) :

OTTA ™

—-—.b-
i

-

B NITRO GEN """

‘[97!

PERFORMANCE, _IEST_—1___

[

I
i b
l

i H
: :
L SN SO S RPN AT B
EE : : .
-

-

800

780

2760

. amemanw

———————

it 740

720

700

..........

« e

22 thea g s el

otef =

o pee =i+

reevae

" o ; e ne 00 T T L
[ : i . i H LIRS NP B S-S S
o : e : : N I i : i 4
5 ‘ e 0 1314 € 17 18 19 20

- BAPRTR™ SNcarenn

ocCT.

7 8 9

1971

- AP - "‘:W -

e —
s

-— e g

FOLL. UL FhaMp <=

!-m



FOLDOUT FRAME

;
b
4
: i
; :
, —~t
g b
i
H

i
!
- WEIGHT ¢

fre— — .- P
- —




. @E‘DOUT_F? C~=

____5 r e e e . . -t ': - T .
S 1 : FIG.19 ; : : : ! : A v .
] ﬁ OT TA . - ._.:I:_... 'R,.I FR,IL) ’| \ I,ﬂ ] | & t)T 1|| l[l, i~ ———]

l

) : ORIGH\\ L \.(:I-,, lb PUI)R. :
LIQUID N!TROGEN e E E AR

THERMAL PERFORMANCE: TEST el _
1972 il




SEPT.

T

CCIRILITY OF

"R

w . E
- _ u. { — .—....l..llml - ¥
; ] I N w . '
T B i it | e
b il
- e & 1 e — - ”ll —3
_ o bl
- e ene . _.. - L n.- — wl_
: i ; I I
R 1
- - T
m - -.“. SRR N PO S -
“ : — ..'l. .. ...J.
: i i : i
2 ! I_ N I e et
R S O M L
i

kPR

P

R, I

(kii i_.

—pEWIOD -

b "‘"""""—""'l"""""“‘"’l
|

FORIGIY A

FOLDOUT FRAME |

‘REPROD

)

28 29 30 3

27

P
N
1}

PR S ST




FOLDOUT fhiy. 2

1320
1300
1280
1260
1240
11220
1200
1180
1160
1140
1120
1100

— ﬂ m —_ h - o San atla SEEELNE T c'..llm
. . ! “ R T OO U U e ¥ A O PO A T T TN L - . 4
...... ; i _ | i .
_I..p!l —_ - .. ; - “ 1_ PR L
. i w m I A
e — m . __ . ” m . . - ml 1l —_—
4 jo4i _ ] ¢ I -3
S I WU - - AU SRR SO SN AP I A O
T m
i : Ao N
I -

1
l
1
i .
" {vaRIATION DUE TO'
WEIGHT CHAMBER TEMP. CHANGES)

22 23 24 25 26 27 28 29

i
T
I

o. _ s
QI -f gyl L ..

o ~ b el w1 <
FU - A ol - IS P A Q

19

R
e TANK

7

6

S S OSSO K W O O (O

L:T.
{
ﬁ}_‘
T‘—
{

-
e L

T STARY OF LOCK:LIP PAESSURE RiSE

OoCT.

SEPT.



......?._ ._'.!...: . .E.. [

-420 [HA8—

as0fH

1972

OCTOBER

.



(44

241100

FOLDOUT Fr v, <
i

FIG. 21 |
OTTA"
1972

S -2 -
¥ 5 SHE

20 22 23 24 25 26

—ta 1.

19

= e ?lT#! i -
ok e R O . e
. ! _ 1 | . m [T TRV TR IUUUTVRNS PSR JPPP-FPPR - e i S B ; _
. _ ) _l T _ : .-—-I:.l.l..-l i _ _ g0 i@
bbbt oo g e s
.. ; SEETNN SR ST BRI S A | : _ : Ll
: ; : .. __ U SO S I.i__.l.un L g I-q..l*.l . + N ¥
Lt . - L _ i : x J Lo L L i b — ...w-... o
IR R R I
” : L - T [ SN PG S -..".—I,"r.:.:-.’.l."l ||.I_|-.ml 1 n. 3 3
- -4 ere e = e i 1 * _ __ ! w “ ol . ‘ U P 4 L i |“ 1o
m .1 _ _. .m L] .. . “_l_.l_..n_l....l : hl + =it _ ™
SN TN WO WO PO NS N U AR S S S 1
.| _ e — - _. [ P .. . -.._...l : m : -
" m”m e T
Wm m ! . &
e |
* o .
.l
o o
=2
8 5
=
(2 9
ad -
=)

R i~ ot e

.I__
M
I_

i
i
1
1
_;"'T
—+ =i
R T T

S
!

—) -+

. _i.._..... -
T

-‘—

l

1972



.
P

™ | R N i g Iedll IS
O = L At s R A S N i A 1 RENILS
TH_.U,-_WMPW : : P m.uw_ L I A "._m“_.rwum
AN TS50 A 1 YU TS U O N B S ERREE I
o T L T 1 I R S SV AP B B R i e L
—— b+ Ll Q,r i : : - i h_uﬂll IlerW\-- T — —
- _” m_ _ m _ x»lf _ m . _ . _I.II“I|.| O ||I .m.l-._ﬁ.—: w - | - ..- -m. -y |.md-—. - .”.. ”
T T R R o
o _n —_ _. . _ 58 T P S — ] I.L lllll ! — _I —_— . . )
SRR _ ) oL : ¥ L -
s _ T “. S SR ESUY DU S SN . - : 1 L0
Earatl o I S S o i R K # . A
SEPu T E E i SE B | | : . H 1
b L ml - —f-- e T |...”. ST T : m ]H .
- -m 4 - .. 1I|_ -|LI. S o B |.“|...M|..I.A—-|..I:_I..IILHI..|..|I...I...I . . .| - 5 ”.w .
IR I O A | m R T T e - .
i l ! - _ e enee = S T S VNI IVRRSUEAR SRR SR Sl bt . : ; : -
IR S N R S ....Wul“l e s L #1 ....... = ..ﬂu
n : (ST SN SR S .. : == ; e - ..“ ; : - L.I..rl.% “lll =
i R PP P PRRTIER PrL..II . . : ] i 1 m.. o

-— e et s B =

~220. 6@

i N. : : _ - :
L. EE. . E. b
= = . . | - i
LA " LN N S o
L. Cee— O i e i mm
! S &
1 = :

-6Ci 100 -
-260]| ggi——

280 | 48 |
-320 128

480r;0;mNi
200} g& - - e

I
i
I
|
-160 ~..7.5.... B
| .
]

NOvV. 1972



FOLLGL ™ Fhy - B

QT TR e e SO SR S S
yID HELIY - B2

 PERF oamuﬂ&éé e |

1972 - 1973

I
. 1 4 . ‘; P e - — e e
T .

|
i . - . —
[
N - -
— 1

B | °f”°ML SR PR SULI N 9

i ......é...-._..i.-... - FEET

|| remoo !
— _ _.'T_ I Q- _g wan m E . | :
P S :
N _| - '_, g ,
i AN ISR S
i . . . .-- . :.-——

T SR Y PO S -___L-——L—'aeé& 31950

—-' - "WD*.,‘_. P s o .-:--J..-.b-d-‘-.ﬂ
u.a'::._'..a.u--o-...._....,.u..... o] o st s o
. - . i

. J ol
.__..__.._._f" . 1 -

- ,--t.--~’-$--243 Fu_q Limk TEMP: |
619 30 2R3 24 25 26 o7




T

I
|

1?3em.: _ -
R

3Fl

! '
" M:Hm
LR el

N
ST

.- __'E__.---_r
|

TE

g_

'gﬂ“?f
MANC

ﬁi? _
HQUID-HE

s
ERN

AM.PEREg 

29 30 3

22 23 24 25 26 27

28

2l

JAN 1973



e o —— o s e

TOLNOUT FRAMF e

1
| CONTINUED ON

“FIGURE - Z4;

s I

CE TEST |

3

e
1
H

t

1.
R S,
: .

et

_PRgisy

Ti_uq

22 23 24 25 26 27

. . r-... - |.m..|*|-v|* m .
i * ., b U PRI DR STE N U A .
e i IS m L
. s, . o> : : ) i
Aol s lodegn b : ] N
i gl D d g ;
gt L e : . L.
- VO R - § Uw_ .
oty i EEE EmE
lu.l-.wl. I..I-hum... ) .....| i -ul.-. E M ,-. . .. ..."m.. -".. - .|_-... w
B - ¥ = ' H i ' 1 . y
M MT : f, _| ..... ~ ;_ : o
W R OV O O TS U a5 S T I
Y A et R I BT JULIGERE T | O
: . m : ., . “ .. .m - -. ..M“.. . 3 “.. o |
_M *_ o ¥ it B -
e | & L m : b iE & .
B TR B m |M. .“._..n i |.. H AN § F

1973

FEB

I



FEB

L

. .:...i..._._..e_,..

..m._“..ﬂ

300




- em—e o —

1 'E.RI_IPI:[O'-})-U

uLBIGL N DF TF

- ORIGINE

H
1
!
b —— . —.
H

MAR




